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PREFACE 


This  Lecture  Series  80  on  ‘Aerodynamic  Noise’  has  been  co-sponsored  by  the  Fluid 
Dynamics  Panel  of  ACARD  and  by  the  von  Karman  Institute  for  Fluid  Dynamics,  and 
implemented  by  the  Consultant  and  Exchange  Programme  of  AGARD  together  with  VKI. 

The  aim  here  is  to  provide  an  up-to-date  account  and  an  authoritative  appraisal  of 
aerodynamic  noise  concepts,  theory  and  experiments.  Particular  emphasis  is  given  to 
practical  methods  for  the  prediction,  measurement  and  reduction  of  external  noise  from 
jet/fan  aircraft.  Following  a brief  overview  of  relevant  aircraft  design  and  operational 
considerations,  the  main  lectures  include  detailed  presentations  on  the  fundamental  theory 
of  aerodynamic  noise  generation  and  propagation,  basic  aero-acoustics  of  jet  efflux  noise, 
engine  exhaust  noise  characteristics,  fan  noise,  airframe  self-noise,  airframe/engine  inter- 
action effects,  aero-acoustic  measurement  and  analysis  techniques,  aircraft  flyover  noise 
measurement,  noise-source  identification  and  location  methods,  and  ground-based  facilities 
with  forward-speed  representation. 

The  specialist  lecturers  from  Europe  and  the  USA  deserve  much  appreciation  for  their 
extensive  efforts  and  cooperation,  in  providing  such  valuable  studies  and  preparing  such 
comprehensive  lecture  notes  for  advance  publication.  Our  acknowledgements  are  also  due 
to  the  official  and  private  organisations  through  whose  help  and  courtesy  it  was  possible 
to  offer  appropriate  technical  experts  as  lecturers.  Finally,  Professor  John  Sandford,  the 
VKI  Coordinator,  warrants  special  mention  for  his  local  organisation  of  the  Short  Course 
at  VKI,  Rhode-St-Genese  (Belgium)  from  6 to  9 December  1976. 
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INTRODUCTORY  COMMENTS  ON  AERODYNAMIC  NOISE  CONSIDERATIONS 
IN  AIRCRAFT  DESIGN  AND  OPERATION 

I 

by 


John  Williams 

Aerodynamics  Department,  Royal  Aircraft  Establishment, 
Farnborough,  Hants,  GU14  6TD,  England 


1 BASIC  AIRCRAFT  DESIGN  FACTORS  AND  INTERACTIONS 

The  designers  of  even  quieter  aircraft  will  have  to  exploit  and  carefully  integrate  a number  of 
modern  R&D  techniques  simultaneously,  in  order  to  avoid  unacceptable  economic  penalties,  taking  into 
account  rising  fuel  costs  and  environmental  constraints,  while  still  meeting  complementary  demands  for 
maintaining  or  improving  operational  and  airworthiness  standards.  In  particular  from  our  present 
viewpoint  (Fig  l),  the  engine  design,  the  airframe  design,  the  aircraft  flight  performance,  and  possible 
engine/airframe  aero-acoustic  interference  all  have  to  be  analysed  with  a significant  bias  towards  the 
reduction  of  noise  annoyance  (on  the  ground)  caused  by  take-off,  landing  and  other  low-altitude  subsonic 
operations.  The  problem  of  achieving  economically  much  lower  noise  levels  (order  of  10  PNdB  reduction) 
outside  airport  boundaries  is  also  now  aggravated  by  the  need  to  predict  and  guarantee  the  noise  field 
from  future  aircraft  projects  to  a much  greater  accuracy  than  hitherto  (within  +1  PNdB).  While  this 
applies  primarily  to  civil  transport  operations,  similar  reductions  and  predictTons  are  also  desirable  for 
some  military  operations;  not  merely  for  transports  but  also  for  low-level  search  and  reconnaissance 
aircraft,  and  for  the  avoidance  of  detection  as  well  as  annoyance.  The  allied  topics  of  helicopter 
external  noise,  sonic  bangs  from  high-speed  operations,  and  cabin  internal  noise  are  also  important  but 
will  not  be  discussed  further  here. 

From  an  engine-noise  viewpoint  (Fig  2),  a more  comprehensive  engine-cycle  parameter  than 
Bypass-ratio  (BPR)  is  the  Static  Specific  Thrust,  namely, 

SST  = (Static  Take  Off  Thrust )/ (Total  Air  Mass  Flow  Rate)  N/kg/s. 

This  represents  sensibly  the  mean  jet  velocity,  Vj  m/s.  For  a prescribed  take-off  thrust,  the  unsilenced 
efflux  noise  generally  reduces  with  decreasing  SST  and  with  increasing  BPR.  For  the  low  bypass-ratio 
engines  still  employed  on  many  subsonic  transport  aircraft  (BPR  < 2),  the  noise  generated  by  mixing  of  the 
high-speed  jet  efflux  (SST  > 500  N/kg/s)  with  the  atmosphere  has  usually  predominated.  This  is  of  course 
equally  true  for  both  supersonic  transports  and  combat  aircraft,  often  incorporating  exhaust  reheat  in 
order  to  further  increase  the  specific  thrust.  Some  suppression  of  exhaust  noise  has  been  achieved  by  a 
variety  of  methods  such  as  special  nozzle  shapes  to  modify  jet-mixing  or  to  provide  shielding,  and  by 
acoustic  lining/absorber  treatments;  but  usually  associated  with  loss  of  thrust,  higher  specific  fuel 
consumption  (sfc)  and  extra  weight.  More  elaborate  approaches  can  involve  engine  re-fanning  to  increase 
the  bypass-ratio  for  present-day  subsonic  transports,  typically  BPR  » 3 for  a fixed-pitch  fan,  or  much 
higher  with  a variable-pitch  fan;  but  the  resulting  advantages  and  disadvantages  as  regards  performance 
and  retrofit  costs  have  to  be  carefully  assessed  and  balanced. 

The  more  modern  engines  of  increased  bypass-ratio  (BPR  a:  5),  facilitated  by  the  considerable 
advances  in  high-temperature  technology,  aerodynamics  and  mechanical  design,  have  provided  not  only 
profitable  decreases  in  engine  sfc  and  useful  augmentation  of  the  ratio  of  available  take-off  thrust  to 
cruise  thrust,  but  also  substantial  reductions  in  jet-mixing  noise  because  of  the  much  lower  jet-efflux 
speed  (SST  * 300  N/kg/s).  Internally  generated  noise  from  such  sources  as  the  fan,  compressor,  turbine 
and  combustion  system  then  became  relatively  important  at  some  flight  conditions,  although  a modest  amount 
of  acoustic  lining  in  relevant  ducts  sufficed  to  alleviate  this  - by  the  order  of  5 PNdB  then  demanded  - 
without  significant  cost  penalties. 


The  development  of  even  quieter  turbo-fan  engines  is  already  projected,  partly  through  the  more 
elaborate  use  of  absorbent  liners  and  splitters  in  engine  ducts  (Fig  3)»  through  designing  components  so 
as  to  further  minimise  noise  generation  at  source,  and  through  some  engine  cycle  modifications  to  reduce 
core-jet  speed  from  400  m/s  to  about  270  m/s  - ie  to  roughly  the  same  as  the  bypass-jet  speed.  About 
5 PNdB  further  reduction  in  engine  noise  has  been  foreseen  without  any  substantial  increase  in  bypass-ratio 
or  large  decrease  in  specific  thrust,  but  the  resulting  growths  in  engine  weight,  sfc  and  costs  are 
together  likely  to  be  significant,  while  associated  nacelle/airframe  installation  factors  still  need 
careful  appreciation.  More  generally,  although  further  reduction  in  engine  noise  is  required  if  aircraft 
are  to  achieve  noise  levels  some  5 to  10  EPNdB  below  the  present  standards  of  ICAO  Annex  16  and 
FAR  Part  36  (Fig  4),  a careful  synthesis  of  the  engine  and  airframe  combination  for  low  noise  as  well  as 
for  other  operational  requirements  becomes  vital  to  avoid  unacceptable  penalties  on  aircraft  operating 
cost 8 and  safety  (Fig  1). 


Firstly  the  aircraft  performance  characteristics,  while  still  meeting  the  mission  operational 
requirements,  may  also  be  exploited  for  aircraft  noise  reduc+ion  and  smaller  noise  footprints  at  take-off 
and  landing  (Figs  5 and  6).  For  example,  minimisation  of  thrust  required  for  airfield  performance  can 
signify  less  noise  generated  at  source;  or  steeper  take-off  and  landing  paths  can  provide  greater 
separation  from  the  ground  and  thereby  greater  distance  for  noise  attenuation.  Shorter  field  lengths  can 
imply  a shorter  noise  footprint  (though  probably  wider)  and  possibly  less  duration  of  objectionable  noise 
levels.  Also,  even  some  relaxation  of  en-route  operational  demands  may  permit  optimisation  of  the 
engine/airframe  combination  towards  a quieter  aircraft;  eg  if  maximum  speed  subsonic  not 
transonic/supersonic. 
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Next,  particular  airframe  design  features  (Pig  7)  can  be  significant  either  indirectly  or  directly 
for  aircraft  noise  reduction.  For  example,  the  choice  of  aerodynamic/structural  design  parameters  such  as 
wing  aspect-ratio  and  sweep,  in  conjunction  with  the  high-lift  device  arrangements,  can  reduce  in 
particular  the  thrust  required  and  allow  steeper  flight-path  gradients.  Minimisation  of  the  airframe 
self-noise,  associated  particularly  with  the  deployment  of  the  high-lift  devices  and  the  undercarriage  for 
landing  (Fig  8),  may  be  needed  if  the  engine  noise  levels  are  even  further  reduced.  Airframe -surface 
shielding  of  engine  noise  sources  (Fig  9a)  can  be  achieved  by  reflection  of  radiated  sound  away  from 
rather  than  towards  the  observer  on  the  ground,  though  penetration  into  the  geometric  shadow  becomes 
important  because  of  the  edge-diffraction  effects  at  the  lower  frequencies.  Airframe  flow-field  shielding 
of  engine  noise  sources  (Fig  9b)  by  refraction  of  the  propagated  sound  waves  also  can  be  significant,  such 
as  with  trailing  vortices  located  to  the  side  of  and  below  the  noise  source. 


Finally,  the  aero-acoustic  interference  between  the  engine  airflow  and  the  neighbouring  airframe 
surface  should  be  minimised  (or  tailored)  to  preclude  excess  noise  (or  even  reduce  noise).  For  example, 
air frame -surf ace  proximity  to  the  engine  intake-flow  or  jet-exhaust  can  interact  with  the  engine  flow 
development,  thus  augmenting  or  modifying  the  engine  noise  sources.  Correspondingly,  engine  exhaust-flow 
interaction  with  the  local  airframe  surface  can  cause  extra  airframe  noise  from  surface  scrubbing  or 
edge-discontinuity  effects.  This  is  particularly  significant  with  the  increased  diameter  of  the  higher 
bypass-ratio  engines  compared  with  wing-chord  and  ground-clearance  dimensions,  or  with  powered-lift 
applications  (eg  Fig  10). 


Noise  technology  is  the  scientific/engineering  discipline  to  which  our  attention  has  to  be 
concentrated  primarily  here.  Nevertheless,  the  effects  of  any  advances  in  noise  technology  on  the  design 
and  operation  of  economic  quiet  aircraft  cannot  be  assessed  in  isolation  from  the  advances  in  other 
technologies  or  from  new  operational  requirements.  Even  preliminary  aircraft  design  studies  must  involve 
many  interacting  factors  drawn  from  a wide  range  of  aeronautical  disciplines;  including  aerodynamics, 
structures,  propulsion  and  materials.  Fortunately,  researches  in  these  areas  as  well  as  in  noise  continue 
to  offer  significant  technological  advances  towards  achieving  better  compatible  standards  of  aircraft 
flight  performance,  operational  economics,  airworthiness  and  noise  characteristics. 


These  general  comments  on  aerodynamic  noise  considerations  in  aircraft  design  and  operation  can  be 
amplified  usefully  during  the  spoken  lecture,  by  appropriate  simplified  analysis  and  synthesis  of  some 
basic  concepts  concerning  external  noise  generation  and  propagation,  to  help  expedite  appreciation  of  the 
practical  significance  of  the  subsequent  main  lecture  topics.  Important  engine/airframe  design 
interactions  and  possible  costs  implications  of  noise  reductions  may  also  be  illustrated  conveniently  by 
typical  results  from  some  exploratory  parametric  studies  for  preliminary  design  optimisation  of  subsonic 
swept-wing  transports. 


PURPOSE  AND  SCOPE  OF  MAIN  LECTURES 


The  major  targets  of  the  present  lecture  series  might  reasonably  be  summarised  as  follows,  with 
special  reference  of  course  to  aircraft  noise  characteristics  (engine  + airframe) :- 

1)  To  critically  review  available  prediction/optimisation  methods  and  associated  noise  data, 
particularly  with  a view  to  clarifying  recent  advances  towards  noise  reduction. 

2)  To  formulate  more  comprehensive  frameworks  for  the  analysis  and  synthesis  of  noise  data,  so  that 
the  latter  can  be  more  readily  appreciated  and  more  readily  applied  for  aircraft  design  purposes. 

3)  To  assess  the  major  deficiencies  in  the  state  of  knowledge  on  noise  characteristics  and  noise 
alleviation  treatments,  and  to  suggest  appropriate  noise  research  and  related  development  studies 
bearing  in  mind  possible  future  aircraft  operational  requirements. 

4)  To  indicate  the  most  profitable  steps  towards  complementary  systematic  utilisation  of  and  further 
improvement  of  theoretical  treatments,  ground-based  testing  facilities  and  flight  testing  techniques 
for  the  reliable  prediction  and  efficient  reduction  of  aircraft  noise. 


Obviously,  it  would  be  unrealistic  to  claim  that  any  of  these  goals  could  be  achieved  to  our  satisfaction 
by  this  lecture  series  alone.  However,  I hope  that  these  published  papers,  together  with  any 
supplementary  contributions  during  discussions,  will  provide  a reasonably  comprehensive  basis,  stimulate 
further  evaluation  of  the  issues  raised,  and  encourage  useful  exchanges  of  relevant  information  and  ideas, 


The  following  main  lectures  therefore  aim  to  provide  overall  an  up-to-date  account  and  an 
authoritative  appraisal  of  aerodynamic  noise  concepts,  theory  and  experiments;  particular  emphasis  being 
devoted  to  practical  methods  for  the  prediction,  measurement  and  reduction  of  external  noise  from  jet/fan 
aircraft.  Detailed  presentations  are  made  on  the  ten  specific  topics,  ranging  from  basic  aerodynamic 
noise  theory  through  engine/airframe  noise  considerations  to  relevant  experimental  methods,  as  given  in 
the  *List  of  Contents*.  These  individual  topics  could  have  been  selected  in  a variety  of  ways,  but  the 
present  arrangement  offered  a logical  choice  to  cover  both  theoretical  and  experimental  aspects,  along 
with  both  research  and  application  interests,  without  much  repetition.  Additionally,  it  expedited 
agreement  by  official  and  industrial  establishments  in  several  countries  to  provide  acknowledged  experts, 
not  only  with  special  knowledge  of  their  own  selected  topic,  but  also  with  considerable  interest  and 
experience  in  some  of  the  others.  This  should  help  encourage  profitable  discussions  throughout  the 
Short  Course,  including  exchange  of  recent  experience,  particularly  to  clarify  novel  problem  areas  where 
divergent  opinions  may  arise.  Indeed  we  should  express  our  appreciation  to  AGARD,  VKI  and  the  contributing 
technical  organisations  for  meeting  the  demand  to  have  nine  appropriate  lecturers  to  attend  from  the  USA, 
UK,  Germany  and  France. 


Most  of  the  lectures  published  here  contain  useful  lists  of  reports  for  further  reference  on  the 
particular  topics,  while  a general  bibliography  with  abstracts  has  also  been  prepared  in  the  UK  by  the 
Defence  Research  Information  Centre  of  MOD(PE),  to  support  AGARD  LS  80.  At  this  stage  therefore,  perhaps 
I need  refer  only  to  two  sets  of  AGARD  papers  relating  to  aerodynamic  noiBe,  which  in  many  respects  are 
complemented  and  up-dated  by  the  present  Lecture  Series:- 
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1)  'Noise  mechanisms'.  AGARD  CP  131  (Sept  1 973 ) - 

2)  'Aircraft  noise  generation,  emission  and  reduction*.  AGARD  LS  77  (June  1975)* 

I To  those  further  interested  in  the  wider  implications  of  aircraft  noise  reduction  on  aircraft  design  and 

operation,  I would  also  recommend  the  collection  of  ten  papers  which  I had  the  privilege  and  pleasure  of 
organising  for  a Royal  Aeronautical  Society  Symposium  last  year,  namely: 

3)  'The  impact  of  economics  on  the  design  and  operation  of  quieter  aircraft'.  Proc.  RAeS  Sympos., 
London  (April  1975)* 


The  opinions  expressed  by  the  author  in  this  lecture  are  personal  and  do  not  necessarily  represent 
official  views. 


LAYOUT  WITH  EXTENSIVE  TREATMENT 


Fig.3  Powerplant  layouts  with  acoustic  treatment 


Fig.4  CTOL  noise  certification  (1972) 
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Aircraft  with  current  high 
by-past  ratio  engines 


Aircraft  with  engines  IO  PNdB 
quieter  (without  weight  or 
performance  penalties) 


AIRCRAFT  FEATURES: 

Twin  engines 
2000  km  range 
2000  m field  length 
200  passengers 
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Fig.  1 1 Basic  source  characteristics 
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BASIC  AERODYNAMIC  NOISE  THEORY 
by 


Helmut  V.  Fuchs 

Deutsche  Forschungs-  und  Versuchsanstalt  fur  Luft-  und  Raumfahrt  E.V. 
Institut  fur  Turbulenzforschung 
looo  Berlin  12,  MQller-Breslau-Strasse  8 


* 

3 


i 


SUMMARY 

These  lecture  notes  may  help  attendees  of  this  Short  Course  to  assess  the  present  state  of  knowledge  in 
the  theory  of  aerodynamic  noise  generation  and  propagation.  The  emphasis  is  on  the  identification  and  the 
physical  and  analytical  modelling  of  the  major  sound  sources  associated  with  turbulent  airflows.  Some  of 
the  fairly  fundamental  developments  reproduced  here  may  serve  as  basic  frameworks  for  the  subsequent  lectures. 
This  review  succeeds  an  earlier  one  which  is  herein  frequently  referred  to  as  ref.  /_  1 / since  that  covers 
in  more  mathematical  detail  the  concepts  common  in  Lighthill's  now  classical  theory.  More  recently  two 
excellent  review  papers  were  published  in  the  field  of  aerodynamic  noise  theory  (ref.  /_  3,  15_/).  Though 
none  of  them  claims  to  be  comprehensive,  they  may  be  used  as  course  material  to  assist  comprehension  of  the 
problem  areas,  which  are  numerous. 

The  present  paper  reveals  a few  deficiencies  of  existing  theories  with  respect  to  the  turbulent  source 
models  employed.  The  importance  of  source  coherency  with  regard  to  flow  inhomogeneities  is  outlined,  and 
the  relevance  of  studies  into  the  sound  propagation  from  acoustic  singularities  embedded  in  a sheared  flow 
is  discussed  with  respect  to  the  jet  noise  problem. 

Not  all  known  approaches  to  aerodynamic  noise  theory  could  possibly  be  covered  by  this  lecture;  the  list 
of  references  is  by  no  means  complete,  either. 
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1.  INTRODUCTION 

Most  of  the  theoretical  concepts  developed  in  this  field  of  aero-acoustics  start  from  the  equations  of  mass 
and  momentum  conservation  and  an  equation  of  state  (par.  1.1).  The  various  approaches  differ  in  the  way 
they  manipulate  (differentiate  and  somehow  combine)  and  in  the  way  they  approximate  these  equations.  There 
seem  to  be  just  as  many  different  models  as  there  are  investigators  tackling  one  and  the  same  aerodynamic 
noise  problem.  This  is  particularly  so  in  the  field  of  jet  noise,  although  hardly  any  of  these  theories  can 
claim  to  have  brought  us  much  closer  to  a solution  or  understanding  of  this  problem  than  Lighthill’s  first 
approach.  It  appears  to  be  not  only  personal  ambition,  taste  or  mathematical  skill  that  created  new  analyses 
but  also  a matter  of  philosophy  of  how  sound  might  be  generated  in  and  propagated  through  a turbulent  flow. 
Since  most  of  the  proposed  models  were  inspired  by  acoustic  wave  equations  of  one  sort  or  another,  it  may 
be  worthwhile  to  briefly  recall  some  basic  linear  acoustics.  This  will  facilitate  understanding  of  the 
various  attempts  to  couple  far-field  noise  and  turbulent  flow  characteristics. 

2.  FLUID  DYNAMICS  EQUATIONS 


The  equation  of  mass  conservation  in  a volume  element  of  a continuous  medium  may  be  written,  in  differential 
form  and  Cartesian  coordinates  x^,  as 


3p  $>ci 

at  * 0*i  ‘ 


m (x*,  t) 


M tp?fi 

nt-  T 


m (x. , t) 


d _ a a 

Dt  * at  + ci  axj 

The  second  flow  equation  describes  the  conservation  of  momentum  of  a fluid  element: 

3ci  Oci  3p  fliij 

P dt  PC)3x.  + §"x^  3 Xj  ' i xi  ’ X 


. ie_  - !lii 

dxj  a x. 


fj  (x.,  t) 


A comment  on  the  introduction  of  a mass  injection  density  and  an  externally  applied  force  density  distri- 
bution (m  and  f^,  respectively)  was  given  in  ref.  (_  1_/. Finally,  an  equation  of  state  may  be  postulated  which 
relates  differentials  of  the  density  p , pressure  p and  entropy  s: 


dp  = dp  - ds 


= D£.JL_2s  (2.7) 

Dt  I7  Dt  c Dt 

2 p P / 

with  a sYp  local  speed  of  sound  squared,  y = Cj/cv  . 

Provided  that  m and  f\  are  given  and  x.  . cam  be  related  to  the  velocity  field,  a complete  description  of  a 
general  flow  situation  requires,  additionally,  the  introduction  of  an  energy  equation. 

3.  LINEAR  ACOUSTICS  EQUATIONS 

The  equations  describing  the  propagation  of  small  disturbances  through  an  otherwise  unperturbed  (laminar) 
flow  may  be  derived  from  the  fluid  dynamics  equations  under  a number  of  simplifying  assumptions.  Three  degrees 
of  simplification  are  possible  which  will  be  treated  consecutively  in  the  following  subsections: 

3.1  Sound  propagation  in  a nonuniform  flow 

First,  the  fluid  dynamics  equations  are  simplified  by  the  following  assumptions, 

a)  The  density  distributions  of  mass  and  force  sources  in  eqs.  (2.2)  and  (2.5)  are  set  to  zero, 

m : o;  f , = o (3.1) 

b)  The  viscosity  of  the  medium  may  be  neglected. 


c)  The  time-averaged  properties  of  the  medium,  i.e.  the  mean  pressure,  density  and  temperature,  are  assumed 
constant  throughout  the  flow 

p”  = p(xi$  t)  - p'(xit  t)  s pQ  = const 

p s p( x^ , t)  - p'(xlt  t)  * PQ  * const  (3.3) 


r 

i 


d)  The  fluctuating  (prised)  quantities  are  small  compared  to  the  mean  values  enabling  a linearisation  of 
the  differential  equations. 

e)  Changes  in  pressure  and  density  are  assumed  to  be  isentropic  to  the  extent  that 

~ 2E  : o (3.4) 

Dt  ^7  Dt  1 ; 

Introducing  mean  and  fluctuating  quantities  into  eqs.  (2.2)  and  (2.5)  yields  the  differential  equations 
for  the  disturbances: 


Dp*  _®ci  9ci 


-Dc'i  an'  0C, 

Ptit-  * ai^  * (p  cj  f p’fj)  = ° (3'6> 

When  the  operator 

D 0 - a 

Dt  z Qt  cj  a*.  (3,7> 

j> 

is  applied  to  eq.  (3.5),  3/3*1  applied  to  eq.  (3.6)  and  the  latter  equation  is  subtracted  from  the 
former  we  obtain  a very  complicated  equation  which  involves  all  three  fluctuating  quantities:  p' , p'  and  c! , 

i I 

D2  p ' <32p'  Dp'  d^i  _ a2?!  _dc-j  _ 3pt  9 Cj  a2* 

a^'pcja^a5T‘  (2pa^tcja^t  pa^)a^  8 ° (3*8) 

The  obvious  impossibility  to  derive  some  kind  of  wave  equation  for  p'  means  there  is  no  easy  way  of 
handling  sound  propagation  problems  in  any  non-uniform  flow  even  if  one  neglects  gradients  of  mean  quanti- 
ties other  than  the  mean  velocity. 

3.2  Sound  propagation  in  a unidirectional  transversely  sheared  flow 

The  situation  is  considerably  improved  when  one  assumes  a mean  flow  in  only  one  direction; 

Cj  = j CjCXj);  o;  o ) , (3.9) 

with  finite  gradients  of  c^  occuring  only  normal  to  the  flow  direction.  In  this  very  special  case  the  con- 
servation equations  of  mass  and  momentum  reduce  to 

and  under  the  assumption  e)  we  may  write  eq.  (3.8)  in  terms  of  the  pressure  p'  and  the  transverse  velocity 
cj  as  the  time  dependent  variables. 


i_  Eft!  aV  ,-aci  ac2  - 

J dP~  ' d V p0Xj  0Xj  ■ 


Since  c£  is  related  to  p'  by  the  transverse  component  of  the  momentuir|fequation  (3.11), 


Dt  0x2  aXjdXj 


c^  may  be  eliminated  from  eq.  (3.12)  leaving  a third-order  differential  equation  for  the  pressure  only, 

& ,i  d2p'  a2p\  „ affi  a2p'  x 

* Dtr-  - a^f  > * 2 &r7  = ° <3*14) 

This  equation,  though  of  higher  order  than  an  ordinary  wave  equation,  may  at  least  in  principle  be  solved 
for  the  pressure  field  under  given  boundary  conditions.  An  analytical  solution  is  possible  if  the  mean 
velocity  is  assumed  to  vary  only  little  over  distances  x2  of  the  order  of  a wave  len£th_of  the  sound.  This 
is  the  limiting  case  of  'geometrical  acoustics'  which  was  treated  in  Blokhintsev 's  /,  2_7  book  on  the 
acoustics  in  moving  media.  Another  solution  to  (3.14)  for  constant  shear  is  discussed  in  Goldstein’s 
excellent  review  We  shall  return  to  eq.  (3.14)  when  Lilley’s  theory  of  noise  generation  in  sheared 

flows  is  discussed  (par.  5.4). 


at  ion  in  uniform  fl ow 


For  a constant  uniform  flow  in  only  one  direction  the  acoustic  field  equations  of  par.  3.2  simplify 
considerably. 


B-£l  . pifi  = 


p®£i  * 
pDtl  5*1 


Jik.  *■ 


V >> 


V > *4 


***  J 


with  a second-order  differential  equation  being  valid  for  the  pressure. 


5 * 2c,^—  ♦ c.  c.  t 


j a x.at 


i j ax.ax. 


fl2  , a2  , 

— ♦ 2 c.  !.  ^g-  ♦ (c.c. 

at 2 3 ^x.at  1 i 


2 * x a p ' 
a 0 • . ) s — 

° xj  ax.ax. 


Eq.  (3.17)  differs  from  the  ordinary  wave  equation  (par.  3.4)  only  in  the  fact  that  the  partial  time 
derivatives  are  replaced  by  the  substantive  derivatives  D/Dt . It  is  the  basis  for  treating  all  kinds  of 
relative  motion  between  the  sound  source,  the  receiver  and  the  medium  which  carries  the  acoustic  waves.  We 
shall  use  it  when  discussing  the  various  Doppler  factors  accounting  for  frequency  shifts,  amplification 
and  attenuation  of  sound  at  the  observer.  The  latter  will  help  to  understand  why  in  some  aerodynamic  noise 
theories  convective  Doppler  factors  were  introduced  (par.  5.1)  to  account  for  source  convection  by  the 
flow.  Eq.  (3.17)  will  also  be  recalled  in  the  context  of  convected  wave  equation  approaches  to  aerodynamic 
noise  problems  due  to  Phillips,  Pao  and  others  (par.  5.2  and  5.3). 

3.4  Sound  propagation  in  a homogeneous  medium  at  rest 

It  is  not  merely  for  completeness  that  we  finally  write  down  the  ordinary  acoustic  field  equations  for 
cj  = o,  i.e.  for  a medium  which  is  at  rest  except  for  the  small  perturbations  propagating  from  one  or  more 
sound  sources, 

$£♦■€[-■• 

?TF+  Tx7  50  <3-«> 

The  reason  is  that  still  the  most  widely  accepted  concept  in  aerodynamic  noise  theory  namely  that  due  to 
Lighthill  (par.  4),  is  based  on  a wave  equation  which  very  closely  resembles  that  valid  for  a medium  at 
rest , 

d2P'  2 a2P' 

" g _ a * = o ( 3 . 2o ) 

at2  °3x2 

It  is  noted  that  identical  equations  may  be  written  down  for  the  fluctuating  density  or  velocity  potential 

3.5  Acoustic  point  source  in  uniform  motion 
The  inhomogeneoiis  linear  wave  equation, 

ip  2 0^ 

— r'  ' ai  — 5“  = q(x.,t)  (3.21) 

3t2  ° 3x2 

where  q is  a prescribed  sound  source  distribution  of  finite  extent  may  readily  be  solved  via  Kirchhoff's 
integral  formula.  The  procedure  was  demonstrated,  e.g.,  in  ref.  I_  1_/  for  three  specific  source  elements 
concentrated  in  an  infinitesimal  volume  element  fixed  in  x^  - space:  an  acoustic  monopole,  dipole  and 
quadrupole  type  of  singularity. 

If  now  the  fluid  flow  velocity  C£  is  non-zero  and  the  source  is  given  as  travelling  at  a speed  uj  (Fig.  1), 
then  eq.  (3.17)  is  valid  outside  the  source  itself.  By  a Galilean  transformation  of  the  type 

xi  5 ^ x*  ♦ r.t'  ; t = t*  (3.22) 

which  includes  a translation,  rotation  and  dilatation  of  the  coordinates  in  this  order,  an  ordinary  wave 
equation  could  be  obtained, 

02>p  2 a2>p  , 

- — 0 ' 2 s ° (3.23) 

9f2  ° dx!2 


In  this  system  of  coordinates,  however,  the  source  would  still  be  moving  at  a speed  u^  - c^. 
A second,  Lorentz  type  of  tranformat ion , 


<l  |/l  - (c'/a  )2 
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Fig.  1 : Acoustic  source  (Q)  moving  relative  to  the  observer  (P)  and  the  mean  flow. 


If  now  the  velocity  vectors  c$  and  uj  are  assumed  to  be  parallel  and  their  difference  in  magnitude  to 
be  c*. 


= c - u ; M = c/a  , M = c*/a  = (S  - u )/a  , 


(3.26) 


then  the  starred  system  of  coordinates  may  be  shown  to  be  one  whose  origin  moves  at  a speed  u in  the 
original  system  just  as  our  source  point  does.  One  can  thus  solve  the  sound  problem  in  the  starred  system 
and  then re -transform  back  to  the  physically  more  meaningful  original  or  to  the  primed  system.  This  was 
done  in  ref.  _/  **_7  for  a simple  harmonic  point  source.  In  order  to  demonstrate  the  various  Doppler  effects 
we  may  write  the  corresponding  pressure  field  in  the  following  form 


p,<Xi’t)  =f  (1'"c  COS9)  ♦ 1 Mc  -V-2-  exp  [<l-MMc)t  ♦ M - E-  ) (3. 

« 1-M_  o o 


27) 


Herein  the  amplitude  A may  be  related  to  the  total  sound  flux  from  the  source.  The  abbreviations  cos  9 
and  r stand  for  the  following  expressions. 


cos  9 = (xj  - ut)/r 


1/2 


(3.28) 


r •((Xj  - ut)2  ♦ (1  - M2)  [(xj  - $2)2  t (x3  - S3)2]} 
uf  i*  the  frequency  of  the  source  as  measured  in  a system  moving  with  the  source. 

The  Doppler  effects  are  most  readily  obtained  for  the  source  and  the  observer  both  being  located  on  the 


axis , 


r s |xL  - Qt | 

cos  0 s ♦ l for  Xj  > ut  (source  moving  towards  the  observer) 

= - 1 for  x^  < ut  (source  moving  away  from  the  observer) 


Fi*_  JLi  Sketch  illustrating  relative  motion  of  source,  observer  and  flow  when  Q and  P are  in  line. 
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4.  ACOUSTIC  ANALOGY  THEORIES 

The  preceding  paragraph  3 was  to  illustrate  that,  from  the  point  of  view  of  an  acoustic ian , one  can 
principally  solve  any  flow  noise  problem  if  only  a clever  aerodynamicist  would  provide  some  detailed 
information  about  the  distribution  of  acoustic  sources  which  are  carried  with  the  flow.  Even  if  the  mean 

flow  were  highly  inhomogeneous  and  foreign  bodies  were  immersed,  one  could  still  apply  tools  like  ray 

theory,  reflection  principles  and  scattering  analysis  to  predict  the  radiated  sound  field. 

Unfortunately,  in  most  aerodynamic  or  hydrodynamic  noise  problems  the  main  problem  is  how  to  identify 

the  actual  sources  in  the  flow.  For  such  complex  sources  like  jet  flows  it  is  extremely  difficult  to  even 
isolate  the  turbulent  source  mechanisms  from  the  secondary  effects  of  source  convection  and  sound  diffraction 
by  the  flow.  In  this  situation,  aerodynamic  noise  theories  differ  mainly  in  the  way  their  authors  feel  that 
in  some  distant  future  these  sources  will  best  be  decribed  by  theory  or  experiment.  Some  theorists  will  be 
seen  to  rely  on  a possibility  of  somehow  separating  the  secondary  effects.  Others  follow  Lighthill's  /~7  7 
original  idea  by  drawing  a formal  analogy  between  the  full  nonlinear  flow  and  turbulence  phenomena  and  the 
linear  theory  of  classical  acoustics  in  a homogeneous  medium  at  rest.  This  approach  intends  to  keep  the 
mathematical  procedures  as  simple  as  possible  for  as  long  as  our  understanding  of  the  turbulent  flow 
structure  is  meager  or  does  not  explicitly  require  an  especially  adjusted  mathematical  form  of  the  equations. 

4.1  Lighthill*s  inhomogeneous  wave  equation: 


Taking  the  time  derivative  of  the  continuity  eq. (2.1), 

d P Q2  pc,  3 m 

at2  * oxidt  * at 


then  adding  to  the  momentum  eq.  (2.4)  times  the  eq.  (2.1), 

opc.  ape.  c Q 9x 

♦ — 1 -f  - —il  : f.tmc. 

a t a ax.  a Xj  1 1 


taking  the  divergence  of  the  latter, 

Q2pci,  d2pcicj  + 3^  . O^ij 

ax.at  +0x. ax.  * gx2  "ax. gx. 
and  finally  subtracting  (4.3)  from  (4.1)  yields 


(f^  ♦ m Cj) 


32p  3ji_  . a2 

Ot2  0x?  ' a-iOKj 


: <pcicj 


“I 


In  order  to  formally  obtain  an  inhomogeneous  wave  equation  for  either  the  pressure  or  the  density, 
s to  add  a term  a©2  02P/Qt2  or  subtract  a term  a2fl2p/0xi2  both  sides  of  eq.  (4.4): 


1 a2p  Op 

2 n 2 7j 


3x.3x.  (pcicj 


xij  ’ <fi + m ci> + §7 ♦ 4^7  <p  - aop) 


a2p  2 o p 


rair  (pcicj  - \ > - 577  (fi  + m 'i’  + af  * 0-^  (p 


A full  account  of  Lighthills's  subsequent  derivations  was  given  in  j_  1_/.  Here  only  a few  essentials  of 

this  approach  are  underlined: 

- The  wave  equations  (4.5)  and  (4.6)  are  exact.  Neither  equation  involves  the  restrictive  assumption  that 
the  fluid  obeys  an  equation  of  state.  Being  no  more  than  a statement  of  mass  and  momentum  conservation, 
in  fact  all  continuous  flows  satisfy  a wave  equation  like  (4.5)  or  (4.6). 

- All  four  terms  on  the  right-hand  side  vanish  individually  outside  a limited  volume  occupied  by  the  tur- 
bulent flow.  With  aQ  arbitrarily  chosen  to  equal  the  ambient  speed  of  sound  in  the  surrounding,  inviscid 
medium,  eqs . (4.5)  and  (4.6)  outside  the  flow  reduce  to  ordinary  linear  wave  equations  of  the  type  (3.2o). 

- As  is  typical  for  the  acoustic  analogy  theory,  the  medium  is  taken  as  being  homogeneou*  and  at  rest  at 
any  point  in  space.  All  the  decisive  effects  due  to  the  presence  of  the  turbulent  flow  are  viewed  as 
inhomogeneities,  i.e.  as  an  equivalent  acoustic  source  distribution  within  the  flow  region. 

- The  original  Lighthill  source  term, 
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does  not  only  incorporate  the  actual  turbulent  sources  but  also  - though  not  explicitly  - the  secondary 
effects  of  source  convection  by  the  flow  and  the  diffraction,  absorption,  refraction  and  scattering  of 
sound  on  its  way  from  the  emission  point  in  x^  - space  to  the  observer  who  is  also  at  a fixed  x^. 

Only  if  pc^Cj  (or  other  relevant  source  terms)  were  prescribed  in  some  useful  sense,  would  it  be  possible 
to  integrate  eqs.  (4.5)  and  (4.6)  with  the  aid  of  Kirchhoff's  formula.  Many  of  the  conclusions  so  far 
were  based  on  features  of  specific  source  elements  (like  single  eddies)  instead  of  the  spaoe-time  struc- 
ture of  an  extended  source  distribution. 


4.2  Curie's  general  source  integral 

Curie  !_  8 / extended  Lighthill's  analogy  by  introducing  solid  boundaries  which  may  or  may  not  take  active- 
ly part  in  the  sound  generating  process.  Again  these  boundary  surfaces  A are  thought  of  as  being  fixed  in  xj- 
space.  The  following  integral  to  eq.  (4.5)  was  derived  in  j_  1_/: 
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Here  cn  denotes  the  (fluctuating)  flow  velocity  as  normal  to  the  bounding  surface  A, 

c.  dA.  = c.  n.  dA  : c dA  (4.9) 
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For  practical  applications  one  may  considerably  reduce  the  number  of  integral  terms  contributing  to  the 
radiation  pressure  field.  The  first  is  the  celebrated  Lighthil)  integral  for  an  unbounded  turbulent  flow 
with  the  fluctuating  velocities  or  Reynolds  stresses  forming  the  actual  source  quantity.  The  second  surface 
integral  represents  the  back -reaction  of  a solid  body  to  the  flow  adjacent  to  it.  It  includes  pressures  due 
to  the  impact  of  sound  waves  generated  elswhere  in  the  flow  as  well  as  hydrodynamic  flow  pressures  acting 
directly  as  a source  distribution.  The  last  two  integrals  contribute  only  if  the  surfaces  are  compliant  or 
driven  externally. 

It  is  pointed  out  here  that  both  the  differential  representation  (par.  4.1)  and  the  integral  representation 
(par.  4.2)  are  hardly  more  than  a framework  for  actual  aeroacustic  theories  which  remain  to  be  based  on 
physical  models  of  the  source  mechanisms  involved.  Only  if  one  can  identify  one  source  term  as  dominating 
and  if  one  knows  its  space-time  development  a priori  (e.g.,from  measurements)  does  the  Lighthill-Curle 
approach  offer  the  solution  for  a particular  flow  noise  problem. 

4.3  Turbulent  pressure  as  source  quantity 

Several  approximations  and  modifications  to  Lighthill's  approach  were  put  forward  over  the  years.  Many 
of  them  deal  with 

T.  . * P c.  c.  (p  = const)  ( 4 . lo ) 
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as  the  dominant  source  distribution  for  an  unbounded  turbulent  flow  at  low  Mach  numbers.  This  approximation 
cannot  be  strictly  valid  since  incompressible  flow  could  not  generate  any  sound.  It  nevertheless  helped  to 
further  develop  the  theoretical  concepts  and  arrive  at  some  general  conclusions.  Some  investigators  have 
found  it  more  convenient  to  replace  the  Reynolds  stresses  by  a scalar  function  as  source  quantity  before 
proceding  any  further: 

a)  Meecham  and  Ford  I_  9_/  first  employed  Poisson's  differential  equation, 
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which  couples  pressure  and  velocity  in  an  incompressible  flow  and  thus  wrote  Kirchhoff's  solution  to 
eq.  (4.6)  in  the  form 

o V 1 

(Brackets  I ) indicate  evaluation  at  retarded  times).  For  an  unbounded  flow  (no  surface  integrals, 
eqs.  1(35)  and  1(47)  of  £ 1 _/  ) this  may  then  be  written  as 
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In  the  radiated  far-field  (eqs.  11(11),  11(2  a),  1(17)  of  / 1 / ) the  following  expression  is  equivalent 

to  (4.13): 
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This  concept  is  equivalent  to  Lighthill's  only  within  approximation  (4.1o), 

b)  Ribner  f_  lo _/  in  a slightly  different  approach  introduced  a pressure  p°bv  setting 
02  o Opcjc 
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and  inserting  this  into  the  wave  equation  (4.5) 
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He  then  attaches  a very  specific  meaning  to  the  new  source  function  p by  interpreting  it  as  'pseudosound ' 
which  accounts  for  the  quasi-incompressible  features  of  the  flow  with  the  total  pressure  perturbation 

P ■ P„  = P°  ' P' 

being  the  sum  of  the  'pseudosound ' and  the  acoustic  pressure  p'. 

With  these  definitions  Ribner  rewrote  the  wave  equation  in  the  form 
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(4.18) 


Although  3?P°/3X|  was  originally  a quasi-incompressible  substitute  for  02 p c^c j/0  xj 0 x j , Ribner 
derived  his  dilatation  equation  from  eq.  (4.16): 
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with  density  fluctuations  p associated  with  the  'pseudosound'  pressure.  An  equation  like  (4.19)  would 
relate  sound  generation  by  free  turbulence  to  volume  pulsations  in  the  fluid. 


c)  Lighthill's  f_  1 1 / view  of  Ribner 's  alternative  again  differs  from  the  foregoing  in  that  he  defined  a 

new  source  function  0 by  setting  2 
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This,  when  introduced  into  the  wave  equation  (4.6), 
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does  not  establish  a new  theory  as  long  as  no  specific  meaning  other  than  that  in  eq.  (4.2o)  is  attached 
to  0.  The  far-field  integral  of  eq.  (4.21), 


= 


n i0i- 


(4.22) 


is  strictly  equivalent  to  and  is  equally  exact  as  Lighthill's  original  integral  (eq.  11(13)  of  /_  1 / ), 
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d)  In  his  original  theory  !_  12 / Lighthill,  too,  introduced  the  flow  pressure,  but  on  completely  different 

grounds : 
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Though  the  above  expansion  of  3 T^./3t  (eq.  Ill  (11)  of  f_  1 _/  ) is  not  an  exact  one  it  helps  to 
illustrate  two  different  mechanisms  by^which  sound  may  be  generated  aerodynamically . In  the  first  term 
the  pressure  inside  the  flow  acts  as  the  actual  source  function  with  an  amplification  by  gradients  of 
the  mean -flow  velocity  cj.  The  second  term  involves  products  of  fluctuations,  instead  (note  that  p = p'). 
Terms  like  these  are  often  referred  to  as  'shear-noise'  and  'self-noise',  respectively. 

e)  Finally,  Michalke  and  Fuchs  _/  1 3 / have  thoroughly  discussed  the  mechanisms  by  which  a turbulent  pressure 

field  in  a sheared  flow  may,  very  efficiently,  generate  sound.  Michalke  (eq.  (2.7)  of  /_  1 3 / ) rewrote 

Lighthill's  source  integral  (4.23)  for  the  sound  pressure  in  the  far-field  as  due  to  the  mean  flow-turbu- 
lence interaction  (neglecting  the  non-linear  fluctuation  terms): 
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This  source  integral  (4.25)  was  found  particularly  suitable  for  treating  noise  from  circular  jets. 
The  author  feels  that  it  has  three  main  advantages  over  other  pressure  models  discussed  before: 
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- The  Mach  number  Mr  of  the  (local)  mean  velocity  component  pointing  towards  the  observer  (at  distance  r) 
may  take  on  arbitrary  values  not  exceeding  unity.  The  model  is  therefore  less  restrictive  than  approxi- 
mation (u.lo)  or  Meecham  and  Ford's  source  integral  (4.12). 

- The  pressure  p in  eq.  (4.25)  is  just  the  pressure  fluctuation  in  the  source  region  with  no  specifications 
like  Ribner's  needed.  In  particular,  it  is  not  necessary  to  define  a pseudosound  (or  incompressible) 
pressure  field  inside  as  distinct  from  the  sound  (or  compressible)  pressure  field  outside  the  flow 
region  as  done  by  Ribner  /_  lo_/.  It  thus  avoids  certain  complications  when  direct  measurements  are 

made  in  the  flow  and  its  near-field. 

- The  weighting  functions  in  (4.25)  multiplying  the  time  derivatives  of  the  pressure  provide  that  the 
relevant  source  region  over  which  the  integration  is  performea_ends  where  the  mean  flow  tends  to  zero. 

Thus  Lighthill's  objection  (1)  in  the  Appendix  B of  ref.  !_  1 1 / that  in  pressure  source  models  noise 

generation  from  outside  the  flow  has,  rather  artifically,  to  be  postulated  does  not  apply  in  this  case. 

The  application  of  the  last-described  approach  to  the  problem  of  jet  mixing  noise  will  be  elaborated 
a bit  in  par.  6.5. 


5.  'TRUE  SOURCE'  IDENTIFICATION  METHODS 

In  the  above  described  acoustic  analogy  theories  the  aerodynamic  noise  sources  are  taken  as  being  pres- 
cribed in  an  acoustic  medium  at  rest.  After  Lighthill  had  concentrated  on  the  acoustic  characteristics  of 
just  a single  volume  element  of  turbulence  in  free  space  it  was  only  logical  to  proceed  and  take  into  account 
that  such  a turbulent  eddy  would  somehow  be  convected  with  the  mean  flow  at  a speed  Uc  which  may  differ 
from  the  local  flow  velocity.  A fixed  observer  or  probe  would  realize  apparent  time  rates  of  change  in  the 
turbulent  field  which  are  partly  due  to  the  effect  of  sources  travelling  past  the  observer  whereas  only  the 
'intrinsic'  rates  of  change  in  a co-moving  system  of  coordinates  were  significant.  Several  attempts  were 
therefore  made  to  identify  the  turbulent  sources  in  a convected  system. 

Some  of  these  attempts  remain  within  the  frame-work  of  Lighthill's  acoustic  analogy  theory,  others  start 
from  modified  or  completely  new  differential  equations.  Most  of  them  have  in  common  that  they  assume  the 
actual  turbulent  sources  to  be  known  a priori  and  then  try  to  describe  how  the  sound  originating  from  some 
kind  of  an  eddy  is  modified  by  convection,  refraction  or  any  other  kind  of  mean-flow  / acoustic  interactions. 
These  methods  do  not  provide  any  new  information  about  the  turbulent  source  structure  itself  and  about  how  it 
generates  sound  under  varying  mean  flow  conditions.  Rather  they  try  adjusting  the  theory  to  a biased  source 
model  in  order  to  make  this  model  more  realistic,  e.g.,  to  justify  the  assumption  of  acoustically  compact 
quadrupoles  in  jet  turbulence. 

5.1  Introduction  of  a convective  amplification  factor 

The  first  extension  of  the  acoustic  analogy  approach  is  due  to  Lighthill  J_  12_/,  Ribner  j_  lo _/  and  Ffowcs 
Williams  /_  14__/ . They  multiplied  the  original  source  integrals  as  derived  for  a stationary  source  distribu- 
tion by  an  additional  factor  C-n  where  in  tne  simplest  case  C equals  the  Doppler  factor  from  equation  (3.39). 
The  exponent  n depends  critically  on  the  nature  of  the  sources  involved,  i.e.  on  the  model  of  the  turbulence 
employed . 


On  the  assumption  of  an  isotropic  eddy  structure  convected  at  constant  speed  from  minus  to  plus  infinity 
the  results  of  refs.  f_  lo,  14_/  for  a modified  Doppler  factor, 

C = { < 1 - Uc  cos-»/aQ)2  t a2  Y1/2,  (5.1) 

were  re-derived  in  ref.  / 1 _/.  It  was  noted  there  that  the  introduction  of  C as  an  amplification  (or  attenu- 
ation) factor  is  of  not  much  help  if  the  turbulent  source  distribution  is  not  isotropic.  The  isolation  and 
explicit  estimation  of  the  source  convection  effect  obviously  suffers  from  the  fact  that  there  is  no  general 
agreement  on  the  source  structure  in  a specific  flow  like,  e.g.,  a turbulent  jet. 

The  parameter  a in  eq.  (5.1)  has  been  given  different  physical^  meaning  by  Ribner  and  Ffowcs  Williams. 

The  most  plausible  interpretation  of  a is  that  due  to  Crighton  /_  15_/,  as  an  acoustic  compactness  ratio  of 
the  turbulent  sources,  with  a « 1 for  a compact  eddy  or  acoustic  point  source. 

5.2  Phillips*  convected  wave  equation 

One  may  not  be  convinced  that  a simple  Doppler  factor  Cn  could  account  for  the  effect  of  source  convection 
in  turbulent  flow  in  analogy  to  features  of  acoustic  point  sources  in  uniform  motion  as  described  under 
par.  3.5.  But  if  one,  yet,  agrees  that  source  convection  and  sound  refraction  are  important  effects  which 
should  not  be  left  hidden  in  the  forcing  terms  of  Lighthill's  wave  equation,  it  is  necessary  to  abandon  the 
whole  concept  by  which  equivalent  sound  sources  are  defined  in  a homogeneous  medium  at  rest  in  analogy  to 
par.  3.4.  Instead  one  may  want  to  tackle  the  aerodynamic  noise  problem  with  differential  equations  resembling 
those  for  the  propagation  of  sound  through  non-uniform  flow  (par.  3.1  or  3.2)  with  correspondingly  modified 
forcing  terms  on  their  right-hand  sides. 

The  work  of  Phillips  f_  16_/  was  the  first  major  departure  from  the  Lighthill  point  of  view  and  an  early 
attempt  to  derive  a convected  wave  equation. 


We  follow  Phillips'  idea  when 
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writing  the  fluid  dynamics  equation  of  par.  2 in  the  following  form: 

(5.2) 


^1  ^ 1 p£_  . 1 °*H  . ft 
ot  p 3x£  Fax.-  p 


(5.3) 


,•  *s 


* 

I.* 


2-13 


'i 

* 

* 

i 

■4 


a‘  p Dt 


p ax 


dx2  s=7 


(5.13) 


When  this  is  compared  to  eq.  (3.12)  of  par.  3.2  one  may,  in  fact,  question  if  the  right-hand  side  which 
Phillips  considered  to  be  the  dominant  source  term  represents  a real  source  mechanism,  at  all. 

It  thus  remains  to  be  stated  that,  at  least,  Phillips  successfully  eliminated  the  fluid  density  p from 
the  source  function  of  his  inhomogeneous  non-linear  wave  equation.  This  is  an  obvious  advantage  over 
Lighthill’s  equation  (4.6),  in  which  the  same  variable  p appears  on  both  sides.  It  enabled  Phillips  to  de- 
rive asymptotic  solutions  for  two-dimensional  shear  flows  in  the  limit  of  very  high  supersonic  speeds  ar.d 
to  describe  the  radiation  of  'eddy  Mach  waves'. 

5.3  Pao's  linearized  convected  wave  equation 

Before  deriving  Pao's  /_  19_/  equation,  one  may  first  expand  the  second  material  derivative  in  Phillips' 
equation  (5.1o), 
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for  a unidirectional  transversely  sheared  flow  with 
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Phillips'  first  source  term  q , may  be  similarly  expanded  to  yield 
dc,  dc, 
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From  the  resulting  form  of  Phillips'  equation, 
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one  may  derive  Pao's  linearized  convected  wave  equation.  Though  he  did  not  give  the  full  eq.  (5.18),  one 
may  surmise  from  his  paper  j_  19_/  that  he  neglected  the  terms 
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Subtracting  eq.  (5.4)  from  (5.2)  yields 
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Operating  with  yd^Xj  on  eq.  (5.3)  and  with  y D/Dt  on  (5.5)  results  in 
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where  V is  the  constant  ratio  of  the  specific  heats  of  the  medium.  By  means  of  the  identities 
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we  may  derive  a kind  of  wave  equation  in  terms  of  the  logarithm  of  the  pressure,  r = In  p/p  , by  subtracting 
eq . (5.6)  from  (5.7),  ° 
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The  five  source  terms  on  the  right  side  of  the  generalized  Philips'  equation  (5.1o)  may  be  identified  as 
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due  to  turbulent  velocity  field 


due  to  entropy  fluctuations 


due  to  viscosity  effects 


due  to  mass  injection 


3^  1 p 


due  to  body  forces. 


Phillips  did  not  include  the  external  sources,  q4  and  ^5,  neglected  the  diffusion  terms , q 2 and  9 3 » and 
ultimately  concentrated  on  q ^ as  the  dominant  source. 

Phillips  claimed  that  in  his  convected  wave  equation  the  effects  of  convection  and  of  refraction  of  sound 
by  the  mean  flow  and  by  the  variations  in  the  local  speed  of  sound  were  included  in  the  left-hand  side 
whereas  in  Lighthill's  acoustic  analogy  these  effects  had  to  be  described  as  equivalent  sources  on  the  right. 


For  the  special  case  a = aQ  s const  Phillips'  equation, 
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indeed  very  closely  resembles  the  wave  equation  (3.17)  of  par.  3.3  for  the  sound  propagation  in  uniform  flow 
(cfj  = const)  or  acoustic  sources  in  uniform  motion: 
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A comparison  of  the  homogeneous  part  of  eq.  (5.11)  with  the  linear  acoustic  equations  valid  in  non-uniform 
flows  (refer  to  pars.  3.1  and  3.2)  immediately  shows  that  the  former  cannot  £ossibly  model  the  complete 
effects  of  source  convection  and  sound  refraction  by  the  mean  flow.  Lilley  {_  17_/  and  Doak  / 18  / first 
showed  that  the  right-hand  side  of  (5.11)  must  contain  terms  which  one  ought  to  take  to  the  left  if  one 
had  to  identify  a 'true  source'  distribution  on  the  right.  For  a transversely  sheared  flow  (refer  to  par. 
3.2),  a linearized  version  of  Phillips'  equation  would  read: 


(5.13) 
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Iftien  this  is  compared  to  eq.  (3.12)  of  par.  3.2  one  may,  in  fact,  question  if  the  right-hand  side  which 
Phillips  considered  to  be  the  dominant  source  term  represents  a real  source  mechanism,  at  all. 

It  thus  remains  to  be  stated  that,  at  least,  Phillips  successfully  eliminated  the  fluid  density  p from 
the  source  function  of  his  inhomogeneous  non-linear  wave  equation.  This  is  an  obvious  advantage  over 
Lighthill's  equation  (U.6),  in  which  the  same  variable  p appears  on  both  sides.  It  enabled  Phillips  to  de- 
rive asymptotic  solutions  for  two-dimensional  shear  flows  in  the  limit  of  very  high  supersonic  speeds  and 
to  describe  the  radiation  of  'eddy  Mach  waves'. 

5.3  Pao's  linearized  convected  wave  equation 

Before  deriving  Pao's  j_  19 _/  equation,  one  may  first  expand  the  second  material  derivative  in  Phillips’ 
equation  (S.lo),  r 
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for  a unidirectional  transversely  sheared  flow  with 
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yielding  the  following  identity: 
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Phillips'  first  source  term  may  be  similarly  expanded  to  yield 
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From  the  resulting  form  of  Phillips'  equation. 
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one  may  derive  Pao's  linearized  convected  wave  equation.  Though  he  did  not  give  the  full  eq.  (5.18), 
may  surmise  from  his  paper  [_  19_/  that  he  neglected  the  terms 
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Pao  considered  both  3 /9t  and  cjd/dxi  of  the  fluctuating  velocity  components  to  be  large  quantities, 
but  he  justified  the  last  assumption  3ince  "their  combination  represents  the  evolution  of  the  turbulence 
in  the  moving  frame  of  reference  which  is  known  to  be  slow"  (Taylor's  hypothesis). 


In  his  own  convected  wave  equation. 


ac^aci  8^3=1 


Pao  only  retained  one  source  term  quadratic  in  fluctuating  velocities  and  one  linear.  He  considered  the 
corresponding  'self-noise'  and  'shear-noise'  contributions  as  statistically  independent  and  known  a priori 
in  the  usual  sense. 

Pao  derived  solutions  to  a generalized  Fourier  transform  of  eq.  (5.19)  for  a = a (X2)  in  the  form  of 
plane  wave  elements  in  the  x2  direction.  In  his  attempt  to  study  the  effects  of  refraction,  convection, 

Mach  number  and  temperature  variations  in  the  noise  emission  processes  of  subsonic  and  supersonic  idealized 
shear  layers,  Pao  was  restricted  to  sound  wave  lengths  X not  exceeding  a certain  multiple  of  the  shear 
layer  thickness, 

<5-2°> 

5.4  Lilley's  shear  refraction  equation 

For  a critique  of  all  the  above_de scribed  theoretical  approaches  to  the  aerodynamic  noise  problem  the 
reader  may  refer  to  Doak's  paper  £ 18_/.  Concerning  the  Phillips-Pao  concept  Doak  argues  that  only  the 
non-linear  ('self-noise')  term  of  eq.  (5.18)  can  properly  be  regarded  as  a 'true  source'  term,  and  that 
the  linear  ('shear-noise')  term  should  really  be  expressed  in  terms  of  r and  included  in  the  differential 
operator  on  the  left  as  a so-called  'shear  refraction'  term. 

This  can  be  done  by  taking  D/Dt  of  eq  (5.1o), 

<a?  &1)]  1 Y 3t  + 3t  (q2  * q3  ♦ % * ’s’  <5-21) 
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and  by  using  the  identity  (5.8), 
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and  the  momentum  equation  (5.3), 
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in  order  to  split  the  first  term  on  the  right  of  eq.  (5.21)  into  one  which  represents  the  shear  refraction 
and  as  such  is  taken  to  the  left  and  into  one  which  in  Lilley's  £ 17 _J  view  more  likely  represents  a 'true 
source'  term  and  a?  such  is  retained  on  the  right: 
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This  third-order  non-linear  differential  equation  may  again  be  linearized  about  a transversely  sheared 
flow  to  yield 

jj-(  (a^-)  I ♦ 2 (a2  |£-)  = A (x. , t)  (5.24) 
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with  A (x£,  t)  representing  a great  variety  of  source  terms  of  different  order  of  magnitude  but  with  no 
terms  linear  in  fluctuating  velocities  being  present  on  the  right  side  of  eq.  (5.24). 
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In  the  special  case  of  a = aQ  = const  the  left  side  of  eq.  (5.24)  indeed  very  closely  resembles  eq.  (3.14) 
for  sound  propagation  in  a transversely  sheared  flow.  It  may  be  noted  that  Lilley's  equation  takes  on  a 
similar  form  as  (5.24)  when  in  a cylindrical  shear  flow  the  mean  axial  velocity  distribution  varies  radially. 
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(5.25) 


It  should  be  borne  in  mind,  however,  that  both  density  fluctuations  p'  and  pressure  fluctuations  p'  are 
hidden  in  a2  = a2  ♦ (a2)'and  that  writing  A(*i , t)  in  terms  of  just  the  turbulent  velocity  field  c*  assumes 
that  interactions  between  c|  and  p'  or  p'  are  weaker  than  those  involving  Cj  (cf.  Lilley's  f_  17_7  approxi- 
mation (4.14). 


At  this  point  the  reader  may  like  to  read  Doak's  J_  18 _/  emphatic  appreciation  of  Lilley's  theory,  parti- 
cularly his  par.  2.4.  One  of  his  objections  against  the  concepts  of  Lighthill  and  Phillips  seems  to  have 
been  the  following.  On  the  assumption  of  very  small,  compact  'eddies'  radiating  sound  of  a given  directivity 
through  a shear  layer,  the  far-field  sound  of  any  individual  eddy  would  be  strongly  affected  by  the  shear- 
refraction_ef feqt.  It  would  thus  be  necessary  to  use  a linearized  wave  operator  like  that  in  eq.  (5.24) 
with,e.g.,a2  = a2  (X2)  if  temperature  gradients  are  present  in  order  to  predict  the  propagation  of  the 
sound  from  the  source  through  the  shear  layer  to  the  observer.  An  experimenter  would  find  it  difficult  to 
trace  this  refracted  sound  field  in  the  vicinity  of  the  eddy  since  the  porpagation  and  refraction  terms 
would  be  swamped  in  the  disturbed  flow  by  the  presence  of  the  neighbouring  'eddies'.  Thus,  according  to 
Doak  and  the  model  he  employed,  "the  experimenter  is  quite  unable  to  provide  the  theoretician  with  the 
information  that  the  latter  needs  about  such  convection  and  refraction  terms  in  the  form  of  'equivalent 
source'  data...  Because  of  this  situation,  a correct  formulation  can  be  obtained...  only  by  extracting 
from  the  right-hand  side  source  term  all  propagation -type  terms  and  placing  them  on  the  left-hand  side  of 
the  wave  equation." 

The  situation  would  be  quite  different  if  the  turbulent  sources  were  not  thought  of  as  acoustic  singula- 
rities embedded  in  the  flow  but  if,  instead,  the  sources  were  spatially  extended  with  their  fluctuations 
being  coherent  in  the  transverse  direction  over  the  whole  of  the  shear  layer.  Under  these  assumptions 
it  would  not  be  a very  logical  procedure  to  consider  sound  emanating  from  source  elements  individually  and 
the  need  for  isolating  'true  sources'  from  secondary  refraction  effects  would  be  less  obvious.  The  effect  _ 
of  the  mean  shear  would  in  this  case  be  primarily  one  on  the  source  mechanism  itself.  Or  as  Crighton  /_  15_/ 
put  it:  "Whether  or  not  eq.  (5.24)  constitutes  a significant  improvement  upon  eq.  (5.19)  remains  to  be  seen, 
as  the  identification  of  important  processes  which  should  be  retained  on  thr  left  is  done  entirely  by 
assertion,  and  without  any  rational  expansion  procedure  in  mind  which  would  enable  generation  and  propa- 
gation effects  to  be  distinguished." 


The  price  which  must  be  paid  for  including  the  convection  and  refraction  effects  in  the  wave  operator 
part  of  the  convected  equation  is  a great  increase  in  the  complexity  of  the  solutions  when  compared  to  the 
Lighthill-Curle  source  integrals  eq.  (4.8)  based  on  the  almost  trivial  Kirchhoff  solution  to  the  ordinary 
wave  equation. 
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5.5  Solutions  to  Lilley's  equation 

It  was  shown  by  Lilley  £ 17_/  that  equations  of  the  type  derived  in  par.  5.4  can  be  used  to  describe 
the  hydrodynamic  instability  phenomena  which  are  characteristic  of  transversely  sheared  flow,  be  it  laminar 
or  turbulent.  The  large-scale  structure  of  the  turbulence  in  such  shear  layers  are  believed  to  be  the  result 
of  the  growth  of  local  instabilities  associated  with  the  mean  motion  and  the  mean  temperature  field.  The 
equation  defining  this  instability  is  the  Orr-Sommerfeld  equation  and  the  instabilities  correspond  to  the 
eigenvalues  of  this  equation.  It  can  be  shown  that  the  'most  unstable  modes'  contribute  the  major  proportion 
of  energy  to  the  mean  square  and  mean  product  terms  within  the  turbulence. 

Yet,  this  ability  of  a certain  class  of  differential  equations  to  describe, at  least  in  principle,  the 
cause  and  the  effect  of  aerodynamically  generated  noise  at  the  same  time,  has  not  led,  up  till  now,  to  a 
theoretical  solution  of  the  problem.  Determination  of  the  source  terms  in  any  of  the  'true  source'  identi- 
fication methods  is  still  left  to  experiment  or  speculation. 

The  ability  of  Lilley's  wave  operator  to  describe,  on  the  other  hand,  sound  convection  and  refraction  effects 
has  been  successfully  tested  by  several  authors  by  solving  an  equation  of  the  following  or  a similar  form 
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In  sq.  (5.26),  which  is  linear  in  the  fluctuating  pressure, 

r ! In  (p/p  ) * In  (1  ♦ p'/p  ) - p'/p  = r' 
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all  the  many  source  terms  feasible  have  been  dropped  except  for  those  representing  non-linear  interactions 
in  the  solenoidal  (incompressible)  part  of  the  turbulent  velocity  field: 
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(5.29) 


Mani  £ 2o_/  recognized  an  additional  advantage  of  eq.  (5.26)  in  the  apparent  similarity  of  the  'shear-noise' 
and  'self-noise'  terms,  both  being  quadratic  in  the  fluctuating  velocities. 

At  this  stage,  it  seems  to  have  been  almost  inevitable  that  Lighthill's  small-scale  eddy  model,  too,  had 
to  be  introduced,  thus  reducing  the  problem  to  a purely  acoustic  one.  Mani  /~2o  / consequently  considered  a 
single  point  quadrupole  embedded  in  and  moving  along  the  axis  of  an  infinite  cylindrical  shear  layer  with 
an  idealized  plug-flow  profile  (Fig.  3).  He  introduced 


cJcV  = Q?.  6(y)  6 (z)  6 (x  - ut)  exp  (imt)  (5.3o) 

with  Qi^  constant  into  the  'self-noise'  term,  disregarding  the  'shear-noise'  term  of  eq.  (5.26). 


Balsa  {_  21_/  extended  Mani's  analysis  for  an  arbitrary  radial  velocity  profile  c (R).  He  derived  yet 
another  convection  factor  for  a quadrupole  on  the  axis  in  addition  to  that  of  par.  5.1.  Balsa  also  determined 
a second  weighting  function  which  does  not  depend  on  the  order  of  the  acoustic  singularity  (quadrupole, 
dipole  etc.).  The  latter  is  given  in  the  form  of  a 'refraction  integral*  over  c (R). 
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Fig.  3:  Mani’s  / 2o__/ 
model  for  studying 
the  reflection  of 
sound  from  an  acou- 
stic singularity 
(Qij)  embedded  in  a 
plug  flow. 
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Finally,  Tester  and  Morfey  J_  22_/  considered  a quadrupole  type  of  ring  source  concentrated  at  a constant 
radius  to  investigate  flow  and  non-uniform  density  effects  on  sound  radiation  from  jets. 

All  of  these  applications  of  Lilley's  wave  operator  seem  to  have  improved  our  ability  to  interpret  far- 
field  noise  directional  characteristics  of,  in  particular,  hot  jets.  This  progress,  however,  does  not  imply 
an  improved  model  of  the  ’true  source'  sound  generation  process  itself. 

6.  MODELS  OF  TURBULENT  SOURCE  MECHANISMS 

6.1  The  various  concepts  of  stationary  or  moving  turbulent  sources 

In  the  two  preceding  chapters  4 and  5 we  have  presented  different  mathematical  procedures  common  in  aero- 
dynamic noise  theory.  They  differ,  first  of  all,  in  the  complexity  of  the  governing  differential  equations 
and  in  their  corresponding  integrals  if  these  are  available,  at  all.  Second,  one  may  discern  different 
concepts  by  which  the  various  approaches  introduce  equivalent  sources.  For  free  (unbounded)  turbulence  gene- 
rating sound  these  source  concepts  may  be  characterized  as  follows. 

Concept _l£  The  medium  is  homogeneous. 

The  mean  flow  field  acts  only  on  the  source  mechanism. 

The  observer  is  at  rest. 

The  equivalent  sources  are  at  rest. 

This  concept  is  typical  of  acoustic  analogy  theories.  The  source  distribution  is  prescribed  (or  measured) 
in  the  observer's  system  of  coordinates.  Linear  turbulence /mean -flow  interactions  are  taken  as  equivalent 
source  mechanisms  which  may,  in  cases,  even  dominate  the  non-linear  turbulence/turbulence  interactions. 

Concept _2:  The  medium  is  homogeneous. 

The  mean  flow  field  only  acts  on  the  source  mechanism. 

The  observer  is  at  rest. 

The  equivalent  sources  move  uniformly. 

This  concept  tries  to  account  for  Doppler  amplification  due  to  source  convection.  Sources  are  prescribed 
in  a system  moving  with  the  source  convection  speed  where  such  a quantity  can  be  sensibly  defined. 

The  medium  is  inhomogeneous  in  density  or  temperature. 

The  mean  flow  field  acts  mainly  on  the  sound  propagation  process. 

The  observer  is  at  rest  and  outside  the  flow. 

The  equivalent  sources  may  or  may  not  move. 
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This  concept  accounts  for  sound  convection  and  refraction  by  mean-flow  and  other  inhomogeneities.  The  'true 
sources'  in  this  case  have  to  be  prescribed  by  the  turbulent  generation  process  in  distinction  from  any 
propagation  effects  within  the  source  region.  Linear  turbulence/mean  flow  interactions  are  not  accepted  as 
a relevant  source  mechanism. 


Concept  4 ^ The  medium  is  homogeneous. 

The  mean  flow  is  unidirectional  and  uniform. 
The  observer  is  at  rest,  but  inside  the  flow. 
The  equivalent  sources  are  at  rest. 


This  concept  is  due  to  Goldstein  f_  3 / and  was  particularly  meant  to  apply  to  the  noise  generated  by  fans 
and  compressors  embedded  in  an  infinite  straight  duct  containing  a uniform  flow.  It  starts  from  the  Lighthill 
equation  written  in  coordinates  xj  moving  with  the  mean  flow. 
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The  stress  tensor  T!.  is  expressed  in  terms  of  the  velocities  cj  relative  to  the  mean  flow. 
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By  transforming  into  the  fixed  (xj)  system  Goldstein  found  the  following  wave  equation  to  be  valid, 

2_ . 


p V 2 a2p'  . a d_  „ j2_  _ a 

Dt2  ° ax2  " 3*iaxj  ' Dt  ' C]3xi 

1 J 


(6.3) 


Eq.  (6.3)  differs  from  a 'convected  wave  equation'  earlier  derived  by  Ribner  / lo  /only  in 
that  T!j  is  still  in  terms  of  the  moving  frame  velocity  fluctuations  c!. 


the  fact 


None  of  these  four  different  concepts  is  principally  restricted  to  a particular  turbulent  source 
structure,  though  most  practical  applications  of  these  concepts  were  limited  to  the  consideration  of 
acoustic  singularities  as  equivalent  to  a small-scale  turbulent  eddy  model. 


The  simplicity  and  beauty  of  the  original  Lighthill  concept  1 lies  in  its  universal  applicability  and 
flexibility  concerning  the  specific  character  of  the  mean  flow  and  turbulence  structures.  It  simply  requires 
the  measurement  of  mean  and  fluctuating  quantities  (including  their  space-time  covariance)  throughout  the 
flow  region.  But  in  order  to  reduce  the  amount  of  experimental  data  required  and  to  facilitate  the  mathe- 
matical procedure  by  which  the  far-field  is  to  be  calculated  from  the  near-field  data,  different  expansion 
schemes  have  been  applied  to  the  equivalent  turbulent  source  quantity  which  will  briefly  be  discussed  in 
paragraphs  6.2  and  6.4. 


6.2  Lighthill's  multi-pole  source  expansion 


The  inhomogeneous  wave  equation  (4.5)  may  be  written  in  the  following  from, 
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The  corresponding  source  integrals,  in  the  absence  of  any  bounding  surfaces, 
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exhibit  three  contributions  to  the  radiated  pressure  p - pQ  which  differ  in  their  mathematical  structure. 

From  these  it  is  possible  to  draw  a very  formal  analogy  of  the  sound  generated  aerodynamical ly  to  sound 
fields  originating  from  ordinary  acoustic  point  sources  like  monopoles,  dipoles  and  quadrupoles.  The  distinc- 
tion of  three  types  of  simple  sources  corresponds  to  three  different  ways  in  which  one  can  cause  kinetic 
energy  to  be  converted  into  the  acoustic  energy  of  fluctuating  longitudinal  motions  in  a compressible 
medium: 


1.  By  forcing  the  mass  in  a fixed  region  of  space  to  fluctuate  as  with  a loudspeaker  diaphragm 
embedded  in  a very  large  baffle. 

2.  By  forcing  the  momentum  in  a fixed  region  of  space  to  fluctuate  or,  which  is  the  same 
thing,  forcing  the  rates  of  mass  flux  across  fixed  surfaces  to  vary;  both  these  occur 
when  a perfectly  solid  object  vibrates  without  volume  changes. 

3.  By  forcing  the  rate  of  momentum  flux  across  a fixed  surface  to  vary.  This  is  the  typical 
feature  when  sound  is  generated  by  fluctuating  shearing  motions  in  a turbulent  fluid  flow. 

This,  after  Lighthill  , is  a linear  sequence  of  methods  of  energy  conversion  in  that  each  of  the  described 
mechanisms  prove  less  efficient  than  the  preceding  one.  The  individual  character  of  the  three  types  of 
source  mainly  involved  in  aerodynamic  noise  was  described  in  detail  in  paragraphs  I,  5.1  to  I,  5.3  of  ref. 

_/  1_7  by  considering  the  acoustic  equivalent  of  a volume  element  of  (J  M/fl  t,  d F ^ /0  y j and  O^Ti^/dyjd  yj  , 
respectively . 

It  is  here  pointed  out  that  the  specific  directivity  patterns  and  the  acoustic  efficiencies  of  the  indi- 
vidual components  of  thi3  multi-pole  expansion  could  only  be  derived  for  an  element  of,  in  most  cases,  an 
extended  turbulent  source  field.  Conclusions  for  the  source  field  as  a whole  are  valid  only  when  the  latter 
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may  be  modelled  by  a large  number  of  such  source  elements  which  all  radiate  independently.  This  brings  us 
to  what  may  be  called  the  'eddy'  model  in  aerodynamic  noise  theories. 

6.3  The  idealized  model  of  small-scale  isotropic  turbulence 

The  only  really  straightforward  theoretical  model  that  provides  a complete  set  of  conditions  by  means  of 
which  the  whole  problem  of  sound  generation  can  be  solved  analytically,  is  the  model  of  homogeneous  and 
isotropic  turbulence  in  an  incompressible  and  inviscid  fluid.  This  was  treated  by  Proudman  / 24  7 and  repre- 
sents one  of  the  earliest  applications  of  Lighthill's  theory. 


The  implications  and  certain  shortcomings  of  a more  or  less  isotropic  eddy  model  were  discussed  in  detail 
in  chapter  II,  6 of  ref.  J_  1 _/.  The  definition  of  'correlation  volumes'  Vc , the  question  of  the  'acoustical 
compactness'  of  the  eddy  and  the  derivation  of  an  acoustic  intensity  from  'unit  volume  of  turbulence'  were 
all  reviewed  with  respect  to  dimensional  analyses  common  in  aerodynamic  noise  theory. 


We  recall  here  that  if  this  kind  of  a turbulence  model  were  strictly  valid  we  would  not  need  to  evaluate 
double  integrals  over  complicated  source  correlation  functions  in  order  to  obtain  the  far-field  sound  inten- 
sities Ivj,  ID  or  Iq  as  due  to  a mompole,  dipole  or  quadrupole  distribution,  respectively, 
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where  T denotes  differences  in  retarded  times  at  the  two  source  points. 
Instead,  we  would  derive  the  corresponding  intensities  per  unit  volume. 
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and  simply  multiply  these  by  the  number  of  correlation  volumes  into  which  the  whole  turbulent  source  region 
was  subdivided. 

Tor  a turbulent  jet,  for  instance,  the  number  of  independent  eddies  was  estimated  by  Siddon  f_  23  J to 
lie  around  2.5oo.  For  such  very  small  correlation  volumes  inhomogeneities  of  the  medium  and  the  flow  would 
not  so  much  influence  the  source  mechanism  itself  but  the  propagation  of  the  sound  emitted  by  the  eddy. 

This  situation  surely  calls  for  a wave  equation  which  can  properly  describe  the  sound  refraction  of  an 
acoustic  singularity  embedded  in  a transversely  sheared  flow. 

It  is  within  the  frame-work  of  this  very  special  turbulen£e  model  that  Lilley's  _/  17_/  and  Mani's  /_  2o_/ 
concepts  indeed  provide  a necessary  refinement  of  Ribner's  j_  lo J earlier  rough  estimates  of  convection 
and  refraction  effects  on  jet  noise. 

6.4  Michalke's  multi-mode  expansion  for  the  noise  of  cylindrical  flows 

Lighthill’c  multi-pole  analysis,  being  confined  to  the  characteristics  of  small  source  elements  only,  did 
not  require  the  introduction  of  coordinates  which  were  suitably  adjusted  to  the  specific  geometry  of  the 
specific  flow  under  consideration.  But  if  one  wants  to  really  evaluate  a source  integral,  say. 
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for  a prescribed  source  distribut ion_q  one  finds  it  more  convenient  to  introduce  adjusted  source  coordinates. 
For  a circular  jet,  e.g.,  Michalke  J_  25_/  writes  the  radiated  pressure  p'  : p - pc  at  the  observer  P in  terms 
of  spherical  coordinates  ( ?,  0,tp  ).  The  source  point  0,  on  the  other  hand,  is  denoted  by  cylindrical 
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coordinates  (x,  r,  ip')  where  the  x-axis  coincides  with  the  jet  axis  and  ip 
circumference  (Fig.  4).  In  the  source  integral  corresponding  to  eq.  (6.12) 


is  the  azimuth  angle  at  the 


the  retarded  time  is  written  down  explicitly  with  rQ  denoting  the  distance  between  P and  Q, 


Fig.  4:  Observer  (P)  and  source  (Q)  coordinates  for  treating  noise  from  a cylindrical  flow 


The  reason  for  introducing  cylindrical  instead  of  Cartesian  coordinates  to  describe  the  source  function 
q is  that  one  may  easily  perform  a Fourier  decomposition  of  q into  its  azimuthal  modes,  qm , 


The  pressure  p'  may  be  similarly  expanded 


Finally  qm  and  pm,  which  are  random  functions  in  time,  may  be  Fourier  transformed  with  respect  to  t 


With  the  aid  of  the  source  integral  (6.13)  we  may  thus  relate  azimuchal  frequency  components,  pmuj,  of  the 
radiated  pressure  to  the  corresponding  azimuthal  frequency  components,  qmuJ,  of  the  source  fluctuations. 

This  is  shown  schematically  in  Fig.  5 for  the  first  three  modes  (m  = o,  1,  2)  of  a ring  source  element.  The 
plus  and  minus  signs  indicate  the  instantaneous  phase  distribution  of  the  different  modes. 


So  far,  this  expansion  scheme  has  only  made  use  of  a natural  periodicity  inherent  in  the  ip -coordinate 
which  repeats  itself  every  2TT  . It  would  apply  to  a source  distribution  which  is  dominated  by  a strong 
ax j symmetric  mode  (m  = o)  in  the  same  way  as  it  would  apply  to  a source  whose  energy  is  evenly  distributed 
over  an  infinite  number  of  modes.  In  fact,  the  latter  case  would  be  equivalent  to  a small-scale  eddy  pattern 
at  the  circumference. 


But  if  no  specific  turbulence  model  is  introduced,  all  one  can  say  at  this  stage  is  that  a higher-order  mode 
is  most  likely  a less  efficient  sound  emitter  than  the  next  lower  one  due  to  cancellation  effects  in  the 
noise  emanating  from  anti-phase  source  elements.  In  this  respect,  the  present  expansion  scheme  bears  some 
faint  similarity  with  Lighthill's  mult-pole  expansion. 


It  should  be  clear,  however,  that  our  present  expansion  scheme  is  particularly  suitable  to  cylindrical 
flow  like  a jet  which  is  known  £o  perform  strong  random  ring-vortex  (m  = o)  and  fishtail  wiggling  (m  s 1) 
type  of  motions,  Michalke  j_  2 5_/  also  pointed  out  that  on  the  jet  axis  (r  s o)  all  except  the  m s o mode 
must  be  zero,  be  it  in  the  source  region  or  in  the  far-field.  Yet,  the  real  benefits  of  treating  turbulence 
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rig.  5:  Illustra- 
tion of  azimuthal 
frequency  components 
of  a ring  source 
element  aq* 
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and  noise  of  a circular  jet  in  terms  of  azimuthal  frequency  components  becomes  evident  when  a realistic 
model  of  the  turbulent  source  fluctuations  is  deduced  from  a complete  set  of  turbulence  measurements  and 
introduced  into  a conclusive  jet  noise  theory. 

The  first  step  in  this  direction  was  done  by  Michalke  and  Fuchs  /_  13 / on  the  basis  of  eq.  (4.25)  of 

these  lecture  notes. 

6.5  The  large-scale  coherent  turbulence  model  in  jet  noise  prediction 

Our  understanding  of  how  noise  is  generated  by  the  turbulent  mixing  of  a round  jet  with  the  surrounding 
medium  has  been  modified  since  orderly  structures  have  been  identified  by  several  techniques.  The  large- 
scale  phenomena  show  up  most  clearly  in  the  fluctuating  pressure  field  induced  by  the  mixing  process.  The 
idea  of  large-scale  coherent  sound  source  patterns  inside  turbulent  jets  is  now  supported  by  a growing 
nu «ber  of  researchers  as  may  be  inferred  from  published  accounts  of  the  197o  Symposium  on  Aerodynamic  Noise 
(University  of  Loughborough)/  26_/,  the  1973  AGARD  Meeting  on  Noise  Mechanisms  (Brussels)/  27 J and  the 
1974  Colloqium  on  Coherent  Structures  in  Turbulence  (University  of  Southampton)  / 28 . 

It  is  now  felt  that,  underlying  the  random  and  disordered  motion  in  the  mixing  zone  of  a jet,  an  orderly 
structure  of  turbulence  exists  whose  phase  variations,  though  random  in  time,  show  a remarkably  strong  co- 
herence spatially  over  as  much  as  5 to  lo  jet  diameters  D in  the  axial  and  several  jet  diameters  n the 
radial  direction.  These  phenomena,  by  which  the  jet  as  a whole  appears  as  a coherent  source,  are  particu- 
larly clear  in  the  relevant  range  of  Strouhal  numbers 

St  = ~ r o.l  - 2.0  (6.18) 

o 

in  the  lower-order  (m  = o,  1,  2,  3)  azimuthal  constituents  of  the  jet  pressure  field.  They  can  be  shown  to 
occur  in  a broad  range  of  jet  exit  Mach  numbers, 

U 

M = ^2  r o.l  - 0.8  (6.19) 

o 

and  have  been  studied  in  different  model  jet  facilities  for  Reynolds  numbers  up  to 
U D 

Re  = = lo4  - lo6  ( 6 . 2o ) 

Recent  experiments  at  the  ONERA  and  the  DFVLR  seem  to  indicate  that  in  the  near-field  of  real  jet  engines, 
too,  these  structures  may  be  identified. 

The  theory  favoured  by  the  joint  DTVLR-TUB  group  in  Berlin  Essentially  based  on  Lighthill's  inhomogeneous 
wave  equation  approach  and,  in  its  present  state  of  developement , concentrates  on  the  mean  flow-turbulence 
interaction  terms  which  are  generally  accepted  as  the  dominant  contributors  to  subsonic  jet  noise  even  in 
their  much  more  restricted  form  as  treated  among  others, by  Seiner  and  Reethof  /“*  29_7.  Our  analysis  will  be 
further  extended  to  also  account  for  gradients  in  the  temperature  field.  It  may  be  taken  as  an  advantage  of 
the  present  theoretical  approach  that  the  actual  pressure  source  function  Wp^pj  will  be  the  same  in  the 
extended  form  of  the  theory. 

A possible  closure  of  the  jet  noise  problem  thus  requires  the  measurement  of  the  cross-spectral  density 
function  Wp^pj  of  the  turbulent  pressure  p throughout  the  jet  source  region. 

If  this  can  be  done  with  the  necessary  accuracy,  it  is  possible  to  evaluate  the 
source  integral  quantitatively  with  no  dimensional  arguments  or  matching  factors  being  needed.  The  result 
of  our  combined  experimental  and  theoretical  effort  can  then  be  compared  with  far-field  noise  measurements 
in  terms  of  spectra  and  directivity. 

In  order  to  characterize  our  prediction  scheme,  we  write  the  source  integral  of  ref.  /""  1 3_7  in  a compact 
form  similar  to  that  used  in  refs.  / 3o  7 and  / 31  7. 
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where  the  tar-field  power  spectral  density  of  the  noise  due  to  mean-flow/turbulence  interactions*  W * w*s 
expanded  into  a series  of  azimuthal  constituents  with  the  following  abbreviations  being  used 


R = ?/D 

X = x/D  ; R = r/D 
d?  s 2 HR  dR  dX 
aa  = 2 n.  St  MR  sin© 


distance  of  far-field  point (normal i zed ) 
normalized  source  coordinates 
annular  volume  element  of  source  region 
modified  radial  source  coordinate 


X = 2 T St  M (X?  - Xj)  cosQ  modified  axial  source  coordinate 

The  integral  (6.21)  involves  the  cross  spectral  density  function  of  the  jet  pressure  field.  In  distinction 
from  other  pressure  source  models  discussed  in  par.  4.3,  however,  this  primary  turbulent  source  function  is 
weighted  by  two  functions  whose  arguments  depend  on  the  Helmholtz  number. 


He  r St  M s D/  X 

indicating  that  sound  radiation  from  an  extended  source  like  a jet  ought  to  be  a function  of  not  only  the 
purely  aerodynamic  source  parameters  but  also  of  the  dimensions  of  the  source  in  relation  to  the  acoustic 
wave  length  X . 

• • ~2 
It  is  only  logical  when,  apart  form  the  trivial  "decay  function"  1/R  , the  source  integral  (6.21)  incorpo- 
rates additional  weighting  functions  Tr  m (0)  since  the  present  theory  was  especially  constructed  to  deal 
with  large-scale  sources  rather  than  small  eddies. 

The  real  and  the  imaginary  parts  of  the  function  , 

Fx  = exp  ( - il)  (6.22) 

may  take  positive  as  well  as  negative  values  depending  on  the  axial  displacement  times  cos©  in  relation 
to  the  acoustic  wave  length.  Hence  we  have  termed  Fx  ’axial  interference  function’. 

The  other  weighting  function  is 

F = i St2  M4  Z . Z , (6.23) 

r,m  4 m,l  m,2 

where  Z denotes  the  complex  conjugate  value  of  Z , 
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and  U = u/U  , V = v/U  as  the  local  mean  flow  velocities, 
o o 

The  way  in  which  the  Bessel  functions  Jm  act  upon  the  source  integral  (6.21)  for  different  values  of  the 

radial  source  coordinate  r times  sin9  in  relation  to^suggests  to  term  F ’radial  interference  function’. 

r ,m 

We  presume  that  our  experimental  program  will  in  due  course  provide  us  with  a sufficient  body  of  data 
concerning  the  cross  spectral  density  of  the  pressure  field,  its  magnitude  expanded  into  several  lower- 
order  azimuthal  constituents  Wjj  m1  an<*  their  corresponding  phase  characteristics,  which  are  given  as  a 
function  of  Strouhal  number.  As  was  already  alluded  to  in  par.  4.3  e),  the  weighting  function  Fr  m limits 
in  a natural  way  the  spatial  extent  of  the  region  over  which  the  pressure  source  function  is  to  &e  integrated. 

The  spectrum  and  directivity  of  the  far-field  noise  will,  according  to  eq.  (6.21)  depend  on  the  following 
flow  properties 

a)  the  mean  velocity  field  and  its  gradients, 

b)  the  intensity  of  the  different  azimuthal  frequency  components  of  the 
pressure  field, 

c)  the  spatial  coherence  and  phase  distribution  of  the  latter  in  both  axial 
and  radial  directions. 

The  presently  available  experimental  results  indicate  that  a relatively  simple  model  for  Wj2,m  with  emphasis 
on  the  m = o and  1 modes  and  with  almost  complete  coherence  in  planes  normal  to  the  jet  may  be  used  to 
evaluate  the  integral  (6.21). 

6.6  Powell’s  vortex  model  of  aerodynamic  noise 


The  pressure  source  models  discussed  in  paragraphs  6.5  and  4.3  represent  typical  examples  of  a concept 
which  considers  the  turbulent  flow  field  as  a continuous  distribution  of  equivalent  sound  sources . Basical ly 
the  same  concept  underlies  Lighthill’s  eddy  model,  though  in  the  latter  the  characteristic  scales  of  the 
sources  are  considered  extremely  small  compared  to  the  dimensions  of  the  flow. 
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By  a concept  common  in  hydrodynamics,  one  may  regard  certain  incompressible  flow  fields  as  being  induced 
by  relatively  simple  vortex  motions.  Given  the  corresponding  vorticity  distribution,  one  may  derive  from 
it  such  secondary  field  quant i t ies  as  pressure  and  velocity  at^  any  arbitrary  point  in  the  flow.  This  concept 
being  applicable  to  turbulent  flow  fields,  too,  Powell  £ 32_/  proposed  a theory  of  vortex  sound.  According 
to  this  model,  the  vorticity  within  a compact  eddy  in  a weakly  compressible  medium  is  identified  as  the 
basic  source  element  in  that  it  is  considered  to  induce  both  the  hydrodynamic  turbulent  near-field  and  the 
acoustic  tar-field. 

This  concept  is  appealing  in  view  of,e.g.,  the  formation  and  convection  of  vortices  in  plane  and  cylindrical 
jets  and  wakes.  Powell  showed  that  changes  in  circulation  or  area  of  a vortex  ring  gives  rise  to  a dipole 
sound  field,  the  former  being  illustrated  by  oscillating  flow  about  a fixed  sphere,  and  the  latter  by  a 
simple  aodel  for  the  aeolian  tone  attributable  to  the  stretching  of  vortex  rings. 

In  an  acoustic  analogy  approach  Powell's  concept  may  be  straight  forwardly  formulated  in  terms  of  the 
wave  equation  (4.5)  for  an  inviscid,  quasi-incompressible , isentropic  source  term  with  m = o and  f^  ~ o: 


-4  2-4  - V2p  - P ?•  Sue).  P.  72(c2/2) 


In  the  derivation  of  eq.  (6.26)  from  (4.5)  use  has  been  made  of  the  vector  identity 
Oc.  2 

c.  - — 1 = (c*,7)cf=(7x<T)xcf*7(c/2)  (6.27) 

which  for  a solenoidal  velocity  field  (dcj^Jxj  =Vc  = o)  and  with  uT  = Vx  c denoting  the  vorticity  vector 
may  also  be  written  as 

0 ^iC . 99 

V = 7 • (c  • V )c  = 7-  (LJx  c)  ♦ 7*  (c  /2 ) (6.28) 

a x^x. 

With  regard  to  the  second  term  on  the  right  side  of  eq.  (6.26)  Powell  £ 3 2_J  argues  that  the  only  mechanism 
present  that  could  account  for  a change  of  the  kinetic  energy  PQ  c^/2,  in  a free  inviscid  flow  is  the  production 
of  acoustic  energy  i t self . The  contribution  from  this  term  is  'of  the  same  functional  form'  £ in  terms  of 
a_dimensional  analysis__/  as  the  vorticity  term  in  eq.  (6.26),  but  it  is  factored  by  a very  small  coefficient 
£ of  order  M ■>__/.  Hence  Powell  found  it  reasonable  to  drop  the  kinetic-energy  term. 

Howe  £ 33 _/  in  his  par.  2 was  able  to  show  that,  for  the  rather  special  case  of  an  isolated,  acoustically 
compact  vortical  region  (i.e.  a turbulent  eddy)  the  second  term  on  the  right  side  of  eq.  (6.26)  my  be  omitted 
for  small  Mach  numbers.  Howe,  at  the  same  time,  derived  a more  general  wave  equation,  the  source  terms  of 
which  are  all  functions  of  either  the  vorticity  or  entropy  fluctuations  only.  Hove's  own  'reformulation  of 
the  acoustic  analogy'  will  be  cited  here  as  the  latest  basic  development  of  general  interest  in  aero-dynamic 
noise  theory. 


It  may  be  noted  at_the_end  of  this  section  that  an  integral  over  Powell's  vorticity  source  term  has  been 
evaluated  by  Hardin  / 34_/  for  an  axisymmetric  train  of  toroidal  vortices  as  an  over-simplified  model  of 
• ne  orderly  structures  in  circular  jets.  Hardin  concludes  from  his  analysis  that  'the  noise  production 
occurs  mainly  close  to  the  jet  exit  and  i£  primarily  due  to  changes  in  the  toroidal  radii,  it  should  be  men- 
tioned here  that  Laufer,  Kaplan  and  Chu  £ 3 5 / reckon  the  pairing  process  of  vortices,  as  they  coalesce 

further  downstream^ to  be  responsible  for  the  noise  from  large-scale  turbulent  motion  in  jets. 


6.7  Howe's  vorticity  and  entrop 


gradient  model 


The_effect  of  nonuniform  combustion  processes  on  jet  engine  noise  and  the  issue  of  'excess  jet  noise'  led 
Howe  £ 33_/  to  reformulate  and  generalize  Powell's  £ 32 / theory  of  vortex  sound. 

We  have  learnt  from  the  preceding  paragraphs  that  aerodynamic  noise  theories  are  usually  based  first,  on 
some  kind  of  a wave  operator  which  describes  the  propagation  of  disturbances  and  which  forms  the  left-hand 
side  of  a wave  equation  and,  second,  a number  of  source  terms  which  describe  the  generation  of  these  distur- 
bances alii  which  form  the  right-hand  side  of  the  wave  equation.  Concerning  sound  propagation  in  an  arbitrary 
nonuniform  flow,  we  have  seen  in  par.  3.1  that  there  is  no  easy  way  of  deriving  a 'convected  wave  equation' 
in  terms  of  the  perturbation  pressure,  density  or  velocity  alone.  Only  for  the  special  case  of  a unidirectio- 
nal transversely  sheared  flow  was  it  possible  to  derive  a relatively  simple  differential  operator  eq.  (3.14) 
which  formed  the  basis  for  Li 1 ley’s  / 17  / theory. 

Howrt  £ 33  /,  first  of  all,  managed  to  derive  a differential  wave  operator  which  is  of  second  order  only  and 
..ich  very  closely  resembles  that  derived  in  par.  (3.3)  for  a uniform  flow  and,  yet,  is  valid  under  more 
general  conditions.  For  a compressible,  irrotational  velocity  field, 

taT  ? 7 X 5“  * o (6.29) 

Howe  £ 33_/  introduced  a velocity  potent  ional  0, 

C*  * V 9 5 J0/dx.  i 9 (x, , t)  = 0 (x.)  ♦ d’(x. , t)  (6.3o) 

1 1 o 1 X 

The  continuity  equation  (2.2)  (with  m = o)  may  then  be  written  as 

1 DP  d2g  - „ . D . <5  ±1  a ..  ... 

p Dt  dx2  ' ° • Dt  * 5t  3x(  a*j  * * 


The  momentum 


ux.  i w l 

equation  (2.4)  (with  fj  = o)  for  an  inviscid  (T{j  s o)  fluid  may  be  reduced  by  using  eqs.  (6.27) 


r 

l 


and  (6.29)  to  yield 

3 20  + d(c2/2)  l l dp  . 0 

0X.0t  d x.  P dxi 

If,  finally,  isentropy  is  assumed  in  eq.  (2.6), 

dp  = dp  ; a = aQ  = const 
a 

we  may  write  down  an  integral  of  eq.  (6.32) 


00  1 ,30  .2  2 [dp 

57  * 2 (a7T7>  * aoJT  ' const 


Next  we  take  D/Dt  of  eq.  (6.34)  , 

2 

o I 00  , l ,30  ,2 1 , aQ  PP  . . 

D7i57  + 2 <fc.)  ‘ Ti  ' 

2 

and  subtract  from  it  a times  eq.  (6.31), 

,0  , 8)S  ,!  00  „ 1,3  0.2,  2 320  . „ 

‘oT^aST’lat  ♦ ^ )-a0^r-°  ■ 

J J i 

The  first  term  of  eq.  (6.35)  may  be  given  the  following  form: 

a^0  t 2 _O0  o20  t a_0  o_0  a20 

3t2  3x.  3x.at  Ox . 3x_.  3Xj3Xj 

the  time  derivative  3 fd  t of  which  is 

o30  t 2_oi  o30  t 2 a20  o20  + a_£  (i0  a30  + d}t> 

Qt  3 Ox.  0x-0t2  Ox.ot  0X|dt  Oxj  ex  j Ox^x^Ot  Ox.Ot  i 
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Hence  with  the  aid  of  identity  (5.14)  and 
3ci  0 3ci  3 D ci  3 

3—377tci^57r5o'r^7  _ (6-37) 

we  may  rewrite  eq.  (6.36)  in  terms  of  the  time  derivative  of  the  velocity  potential,  0 = 30/dt , 

(£♦££:- 

Eq.  (6.38)  constitutes  a nonlinear  equation  describing  the  propagation  of  perturbations  $)',  through  a 
compressible  medium  which  is  in  an  arbitrary,  but  irrotational , mean  motion  specified  by  ^(x^).  In  the 
acoustic  approximation  eq.  (6.38)  may  be  linearized  with  respect  to  = ^0'/Ot  by  neglecting  fluctuations 
in  the  propagation  operator.  According  to  eqs.  (6.36)  and  (6.37)  we  approximate 

~ 32  _ 02  _ _ 3^  _ 3 

7?  - r ♦ 2 C . ->■  ■ ~ * C.C  . ^ r + C.  5 5 (6.39) 

2 o 2 i0x.0t  i 3 3x.0x.  l Ox.  Ox. 
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_ _ _2  2 
Howe  f_  33_/  reasoned  that  the  last  terms  of  eqs.  (6.39)  and  (6.4o)  may  be  dropped  if  c « aQ  and  that, 

in  this  particular  case,  eq.  (6.38)  may  be  written  in  exactly  the  form  of  the  classical  convected  wave 
equation  (3.17)  for  sound  propagation  in  a uniform  flow: 

Dt  Oxj 

Having  thus  demonstrated  for  the  first  time  that  0 is  most  convenient  ('natural')  variable  for  treating 
sound  propagation  in  nonuniform  flows  with 

0 s const  ♦ | c?  (6.42) 

(compare  eq.  (6.34),  Howe  j_  33__/  generalized  this  variable  by  adding  a term  representing  entropy  inhomogenei- 
ties: 

B(x^,  t)  t /t  ds  ♦ ^ c2  = w ♦ -j  c2  (6.43) 

The  new  variable  B represents  the  sum  of  the  specific  enthalpy  (or  heat  function)  w,  with 

dw  s t T ds  (6.44) 

and  the  specific  kinetic  energy.  B may  thus  be  termed  'specific  stagnat  ioiyenthalpy ' . 

In  his  new  approach  to  aerodynamic  noise  problems  Howe  always  neglects  effects  of  viscous  dissipation. 


: :4 


entropy  variations  being  entirely  due  to  heat  conduction.  Therefore  with  the  aid  of  eqs.  (6.27)  and  (6.44) 
the  momentum  eq.  (2.4)  with  f . = o reads 

dci<3B^-_ds 

sr  'u)X  c * tj^t  (6-45) 

The  continuity  eq.  (2.2)  with  m s o and  eq.  (2.7)  may  be  written  as 
1 Dp  „ °Ci  . 1 Ds 

Tm'STTS  (6'46> 

a P 1 P 

Taking  the  divergence  of  eq.  (6.45)  and  the  partial  time  derivative  of  eq.  (6.46)  enables  the  elimination 
of  the  velocity  term, 

JF  l~T  = div  (3  x c - T grad  s)  ♦ ^ <i-  jj|)  (6.U7) 

a P ° p 

In  a procedure  similar  to  that  of  Lighthill  in  his  analogy  theory,  Howe  adds  terms  on  both  sides  of  eq. 
(6.47)  in  such  a way  that  the  left-hand  side  resembles  that  of  eq.  (6.38): 

I ^7  ~2  * -S  dT  Jr  " I B = div  x « - T «rad  s>  ♦ If  (f-  Dt»  (6-48) 

a Dt  a l c»Xj  p 

. Ii_  1 Dci  SB  S ,1  Dp,  1 

Replacing  0 B/dx^  on  the  right-nand  side  of  eq.  (6.48)  with  the  aid  of  eq.  (6.45)  finally  yields 

( h “2  f ^2  dT  Jr  ‘ ~?t  B = div  <“  x = - T grad  s)  - ^ ^ (OJ  x c - T grad  s)  t |j<±-  £f> 
a ut  a i ax.  a p 
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In  a procedure  which  Howe  /_  33_/  did  not  describe  very  well  in  his  paper  he  was  able  to  prove  that  an 
equivalent  form  of  eq.  (6.49)  is  the  following 

f H (i2  DT  Jr  * “ 2 I B = div  (C  x e - T grad  s)  - ^ ( 3 x c - T grad  s) 

a a x dx.  a 

l 

D ,T  Ds . 3 ,1  Ds . ,,  . . 

* dT  (~  od  4 37  (~  (6'5o> 

a p 

This  second-order  differential  equation  has  several  advantages  over  the  higher-order  'shear  refraction  equa- 
tion' discussed  in  par.  5.4.  Whether  it  will  initiate  a new  generation  of  aerodynamic  noise  theories  remains 
to  be  seen. 

We  conclude  this  review  on  the  present  state  of  the  art  in  aerodynamic  noise  theory  with  Howe's  own  inter- 
pretation of  eq.  (6.5o): 

'At  points  of  the  flow  exterior  to  vorticity  and  entropy  inhomogeneities,  the  terms  on  the  right  of  eq.  (6.5o) 
vanish  identically,  and  the  irrotational  perturbation  flow  equation  (6.38)  is  obtained,  but  with  account 
taken  of  the  variations  in  the  sound  speed.  The  linearized  form  of  that  equation  describes  the  propagation 
of  small  acoustic  disturbances  in  the  mean  irrotational  flow.  The  Lighthill  acoustic  analogy  is  based  on 
just  such  an  identification  of  part  of  the  general  Navier-Stokes  equation  with  the  wave  operator  in  space 
devoid  of  vorticity  and  entropy  fluctuations.  It  is  natural  therefore  to  pursue  such  an  analogy  in  the 
present  case.  The  terms  on  the  right-hand  sides  of  eq.  (6.5o)  then  assume  the  roles  of  inhomogeneous  acoustic 
source  terms,  but  they  have  the  distinctive  property  of  being  confined  solely  to  regions  of  the  flow  where 
the  vorticity  and  entropy-gradient  vectors  are  non-vanishing.  When  the  characteristic  Mach  number  is 
sufficiently  small  and  the  flow  is  isentropic,  the  second  term  on  the  right  of  (6.5o)  may  be  neglected  and, 
in  the  absence  of  a mean  flow  that  equation  then  reduces  essentially  to  Powell's  result  embodied  in  (6.26)." 

Howe  /_  33 _/  already  applied  his  equation  to  a few  simple  examples  of  a vortex  filament  or  a compact  tur- 
bulent eddy  moving  in  a flow  with  specified  solid  boundaries  (e.g.,  a plate  or  a duct).  The  method  adopted 
seems  particularly  suitable  for  treating  sound  scattering  problems  when  the  acoustic  sources  are  already 
known  in  detail.  It  may  be  noted,  however,  that  both  the  vorticity  and  entropy  fluctuations  are  less  con- 
venient quantities  when  dealing  with  problems  of  aerodynamic  noise  generat ion  where  the  turbulent  sources 
cannot  be  assumed  known  but  have  to  be  measured  like  for  instance,  in  the  case  of  jet  mixing  noise. 

7.  riNAL  REMARKS 


Considerable  efforts  have  already  been  expended  in  aerodynamic  noise  theory  to  develop  the  analytical 
tools  for  calculating  the  sound  radiation  and  propagation  from  turbulent  sources.  While  the  cause  (the  tur- 
bulence) and  the  effect  (the  noise)  may  both  be  described  by  basically  the  same  differential  equations  of 
fluid  dynamics  (par.  2),  the  various  approaches  to  the  problem  differ  in  the  way  they  manipulate  these  equa- 
tions in  order  to  isolate  those  terms  or  effects  which  are  responsible  for  the  noise  generation  process  as 
distinct  from  the  propagation  mechanisms  (par.  4 and  5).  This  theoretical  source  identification  procedure 
i3  often  guided  by  the  (linearized)  differential  equations  known  from  the  acoustics  of  homogeneous  or  inhomo- 
geneous moving  media  (par.  3). 
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Attempts  to  substantiate  the  respective  source  terms  by  either  theory  or  experiment  are  very  scarce.lt 


recalled,  however,  that  a real  closure  of  an  aerodynamic  noise  problem  would  require  a comprehensive  ana- 
lytical model  of  the  turbulent  sources,  the  calculation  of  the  sound  field  from  these  sources  and  finally 


a comparison  of  these  predictions  with  measured  far-field  intensities , spectra  and  directivities,  -o  far, 
the  research  activities  have  far  too  often  been  confined  to  just  one  of  the  four  major  problem  areas  into 
which  aerodynamic  noise  may  be  subdivided. 


- studies  into  the  structure  of  turbulence  in  real  flows, 

- manipulations  of  basic  fluid  dynamics  equations, 

- solutions  to  wave  equations  of  one  kind  or  another  for  fictitious  acoustic  point  source;.. 

- studies  of  the  radiated  far-field  characterist ics. 


For  instance,  very  sophisticated  conditional  sampling  techniques  have  been  developed  to  study  in  every 
detail  certain  events  in  a turbulent  flow  like  the  occurence  of  spikes  in  a turbulent  signal  or  the  passage 
of  large  vortices  which  may  or  may  not  be  important  with  respect  to  the  sound  emission.  The  coherent  struc- 
tures observed  in  turbulent  shear  layers  (par.  6)  is  another  example  which  calls  for  a rigorous  treatment 
in  an  aerodynamic  noise  theory  which  need  not  be  restricted  to  jet  noise  only.  It  would  certainly  be  supe- 
rior to  a calculation  which  deals  with  imaginary  acoustic  sinrulari t ies  convected  in  a specific  mean-flow 
environment . 


In  the  present  situation  which  is  unsatisfactory  with  respect  to  the  turbulence  models  employed,  some 
experimentalists  have  devised  diagnostic  tools  to  trace  and  analyse  the  aerodynamic  source  fluctuations  from 
measuring  positions  far  remote  from  the  flow: 

- directional  microphones  or  microphone  array  arrangements, 

- ellipsoidal  or  parabolic  acoustic  mirrors  , 

- infra-red  radiation  receptors, 

- laser-beam  absorption  or  scattering  methods. 

Others  have  designed  special  'causality  correlation'  techniques  to  enable  a direct  comparison  of  the  cause 
and  the  effect  in  aerodynamic  noise:  A high  statistical  coherence  of  the  flow  signal  (e.g.,  pressure  or 
velocity  measured  w:h  an  inserted  probe)  with  the  radiated  acoustic  pressure  indicates  that  the  flow 
signal  is  closely  related  to  the  aerodynamic  source  fluctuation. 

Since  aerodynamic  noise  theory,  to  date,  is  so  far  from  being  conclusive  in  itself  and  should  not  be 
thought  of  as  a matter  of  pure  mathematics,  it  may  be  necessary  to  take  into  account  all  these  experimen- 
tal procedures  when  new  research  activities  are  to  be  defined.  This  review  of  the  basic  theoretical  con- 
cepts should  thus  be  seen  in  close  connection  with  the  other  papers  of  this  series  dealihp  with  more  specified 
aerodynamic  noise  problems  like  jet  efflux  noise,  excess  noise,  fan  noise,  air  frame  self-noise  and  inter- 
action noise,  and  also  with  a variety  of  experimental  noise  source  location  and  identification  techniques. 

The  possible  final  conclusions  from  such  an  overview  of  the  present  state  of  the  a£t  i£  aerodynamic 
noise  (both  theory  and  experiment ) could  probably  be  stimulated  by  Ffowcs-WilliamsV  27_/  evaluation 
report  on  the  AGARD  Specialist's  Meeting  on  'Noise  Mechanisms'  (Brusseles,  1973)  to  which  the  present 
AGARD  Lecture  Series  on  'Aerodynamic  Noise'  was  intended  to  be  a follow-up.  The  concepts  and  treatments 
then  proposed  have  now  been  further  developed  and  may  be  subjected  to  appraisal  in  the  light  of  three  years' 
extra  experience. 
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1 . INTRODUCTION 

In  recent  years  the  term  "jet  noise"  has  come  to  mean  many  different  things  to  different  people. 

To  the  layman  it  conveys  the  impression  of  the  total  noise  emanating  from  an  aircraft  exhaust  system. 

However  studies  have  shown  that  this  "total  noise"  is  composed  of  several  components  which  should,  whenever 
possible,  be  considered  separately.  The  most  fundamental  of  these,  and  certainly  the  component  which  is 
in  principle  the  most  difficult  to  eliminate,  is  that  due  to  the  turbulent  mixing  of  the  jet  exhaust  with 
the  ambient  fluid  downstream  of  the  nozzle  exit  plane.  We  term  the  resulting  sound  "jet  mixing  noise." 

In  incorrectly  expanded  jet  exhaust  flows,  the  presence  of  the  resulting  shock  waves  leads  to  a further 
source  of  noise  which  we  shall  term  "shock  associated  noise."  In  general  this  source  gives  rise  to  two 
components,  one  a set  of  discrete  tones,  often  referred  to  as  "screech",  together  with  more  broad  band 
radiation  which  we  shall  term  "broad  band  shock-associated  noise." 

These  sources  are,  to  the  best  of  our  knowledge,  the  only  significant  contributors  to  the  "total 
noise"  which  exist  downstream  of  the  nozzle  exit  plane.  However,  the  advent,  in  particular,  of  high- 
bypass  ratio,  relatively  low  jet  efflux  velocity  engines  has  brought  to  attention  additional  sources  of 
noise.  These  are  variously  referred  to  as  "excess"  noise,  "tailpipe"  noise  or  "core"  noise.  Historically 
the  term  "excess  noise"  was  coined  to  account  for  measurements  of  total  noise  which  were  in  excess  of  that 
anticipated  from  available  predictions  of  the  downstream  noise  sources  introduced  above.  The  precise 
origin  and  dependences  of  this  noise  component  remain  to  be  established.  As  the  second  name  implies  they 
are  apparently  associated  with  the  engine  tailpipe  and  appear  to  a far  field  observer  as  a source  located 
at  the  nozzle  exit  plane.  However,  the  question  still  remains  to  some  extent  whether  this  noise  is 
generated  within  the  engine  (i.e.  combustion,  flow  over  obstructions  etc.)  and  subsequently  travels  down 
the  tailpipe  in  the  form  of  acoustic  energy  to  be  radiated  from  the  nozzle  exit,  or  whether  it  originates 
as  the  result  of  interaction  between  vorticity  and  the  nozzle  termination.  Current  evidence,  in  particular 
the  relative  effectiveness  of  acoustic  tailpipe  liners,  would  appear  to  identify  the  former  as  dominant 
in  practice. 


In  the  following  sections  we  shall  review  each  of  the  noise  components  in  turn,  and  attempt  to  outline 
the  extent  to  which  current  fundamental  understanding  will  stand  the  test  of  prediction.  We  shall  not 
consider  purely  empirical  prediction  methods,  which  may  in  some  cases  be  more  satisfactory  in  practice  at 
tne  present  time. 

2.  JET  MIXING  NOISE 


The  source  of  jet  noise  which  has  historically  received  the  majority  of  attention,  both  theoretically 
and  experimentally,  is  the  jet  mixing  noise  component.  Theoretical  work  due  to  Lighthill  [l j , [2] showed 

how  this  noise  could  be  generated  in  a freely  exhausting  jet  flow  as  a result  of  the  fluctuating  Reynolds 
shear  stress.  These  concepts  have  dominated  the  study  of  jet  noise  for  the  past  twenty-five  years  and 
offer  a strong  foundation  for  both  the  study  ana  prediction  of  jet  mixing  noise.  A basic  attraction  of 
the  Lighthill  formulation  is  undoubtedly  the  relative  simplicity  with  which  an  expression  for  the  strength 
of  the  contributing  "noise  sources"  is  obtained.  It  is  equally  true  however  that  proper  evaluation  of  that 
expression  from  available  fluid  mechanics  (i.e.  turbulence)  data  is  by  no  means  straightforward.  Certainly 
very  useful  predictions  do  emerge  fairly  readily,  notably  that  the  noise  output  should  vary  as  the  eighth 
power  of  the  jet  efflux  velocity.  However,  in  1971  Lush  [3J  published  a series  of  carefully  conducted  jet 
noise  measurements  which  high-lighted  certain  significant  and  systematic  discrepancies  between  measurement 
and  the  predictions  available  from  the  Lighthill  formulation.  These  observations  have  since  been  amply 
confirmed  by  independent  measurements,  among  which  we  would  note  in  particular  those  of  Tanna  [4,  which 
cover  arguably  the  largest  envelope  of  test  conditions  available  in  a single  systematic  study  of  jet  mixing 
noise. 


It  is  to  be  emphasised,  however,  that  the  now  established  existence  of  such  discrepancies  does  not 
represent  errors  in  the  basic  Lighthill  theory  per  se.  It  is  the  knowledge  of  the  quantities  required 
for  evaluation  of  the  source  term  which  is  inadequate.  A portion  of  that  source  term  represents  as 
equivalent  acoustic  sources  the  processes  of  refraction  and  scattering  of  acoustic  radiation  by  the  jet 
flow.  This,  together  with  the  nature  of  the  discrepancies  reported  by  Lush  (loc  cit)  led  Lilley  [5:  to 
undertake  a reformulation  of  the  governing  equations  in  a manner  which  separates  more  explicitly  the 
generation  of  acoustic  energy  and  its  subsequent  transmission  through  the  jet  flow  field.  This  work  has 
led  in  the  past  few  years  to  a new  area  of  jet  noise  study  termed  "flow-acoustic  interaction"  as  represented 
for  example  in  the  papers  of  Mani  [fcj , Tester  and  Morfey  [7]  and  Howe  [8], 

In  the  following  sections  we  begin  by  outlining  the  predictions  available  from  the  original  Lighthill 
formulation  and  indicate  where  discrepancies  are  experienced.  The  flow  acoustic  interaction  studies  offer 
a potential  for  reducing  such  anomalies,  but  at  present  they  must  be  regarded  as  on-going  work.  We  shall 
therefore  in  these  notes  restrict  ourselves  to  a description  of  the  general  principles  and  physical 
pnenomena  involved,  and  will  discuss  only  the  general  implications  of  this  type  of  work. 

2. 1 The  Lighthill  Formula 

The  essence  of  the  Lighthill  theory  of  aerodynamic  noise  is  the  formulation  of  an  acoustic  analogy  in 

a 


which  the  complicated  process  of  sound  generation  by  turbulence  is  modelled  in  terms  of  an  equivalent  set 
of  acoustic  sources  embedded  in  an  otherwise  uniform  medium  at  rest.  By  a simple  re-arrangement  of  the 
equations  of  fluid  motion  (see  the  Appendix)  it  was  shown  that  noise  production  in  free  unbounded  turbulent 
flows  was  equivalent  to  ar.  array  of  quadrupole  sources  of  strength  per  unit  volume. 

T.  . - oU.U.  ♦ (p-a  2o)6.  . - 
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For  an  observer  at  a large  distance  from  the  source  region,  the  resulting  acoustic  pressure  field  is 
(see  Appendix  Eq.(l4)) 


p(x,t)  - p 


d'T  ((y,t-r/a  ) 


Trr  ‘ pBr2  * (p~Vp) 

and  Ur  is  the  fluid  velocity  in  the  direction  of  the  observer.  As  is  usual,  the  viscous  stress  tensor 
oij  is  neglected.  This  result  shows  that  the  radiation  amplitude  is  proportional  to  the  sum  of  elementary 

source  strengths  over  the  flow  region,  while  the  appearance  of  retarded  times,  t-r/aQ,  emphasises  that  in 
general  phase  differences  must  be  accounted  for  during  the  integration  process. 

The  latter  may  however  be  neglected  for  compact  source  regions,  that  is  whenever  the  acoustic  wavelength 
is  long  compared  to  the  extent  of  the  source  region  over  which  significantly  correlated  source  fluctuations 
exist.  A scaling  law  for  the  radiated  intensity  is  then  derived  in  [l]  with  the  aid  of  the  following 
additional  assumptions. 

(a)  Pressure  and  density  are  isentropically  related  (i.e.  p'-ao2p'“0) 

(This  is  not  appropriate  for  hot  jet,  however) 

(b)  pUr*  “Cs^’j*  where  o9  is  a density  appropriate  to  the  most  intense  source  region  and  fluctuating  velocities 
Ur'  are  assumed  to  scale  in  proportion  to  the  jet  efflux  velocity  Vj  ; 

<e> 

The  second  time  derivative  is  assumed  equivalent  to  a frequency  squared  weighting,  while  typical 
frequencies  are  assumed  proportional  to  jet  velocity  and  inversely  proportional  to  a typical  flow  scale 
which  varies  as  jet  diameter  (D). 

(d)  dV(J')-'.  D3. 

combining  these  assumptions  in  (1)  we  anticipate  far  field  intensity  to  vary  dimensionally  as 


Of  particular  significance  is  the  observation  that  the  intensity  varies  in  proportion  to  the  eighth 
power  of  jet  efflux  velocity,  implying  a 24dB  noise  increase  for  each  doubling  of  velocity. 

The  compact  source  restriction  appropriate  to  (2)  is  however  valid  only  for  jet  velocities  which  are 
small  compared  to  the  speed  of  sound,  a situation  seldom  experienced  in  aero-engine  applications. 

Lighthill  argued  that  this  restriction  could  be  eased  if  the  estimates  of  Trr  were  based  on  a set  of  sources 
convecting  at  speed  appropriate  to  the  convection  velocity  of  the  most  intense  turbulence.  With  such  a 
re- formulation  Lq.(2)  above  becomes 

0, 2u /D2  .5 
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wnere  is  normally  taken  to  be  of  order  . Note  that  (3)  reduces  to  (2)  as  the  jet  Mach  number 

tends  to  zero.  0 

For  9»90°  therefore  the  dimensional  variation  remains  unaltered,  but  at  angles  closer  to  the  jet  axis, 
0<9O°,  augmentation  in  accordance  with  five  powers  of  the  Doppler  factor,  (1-McCosQ),  is  anticipated 
reflecting  the  enhanced  efficiency  of  the  convecting  quadrupole  and  sourcea  for  radiation  directiona  close 
to  their  direction  of  motion. 


Lq.(3)  thus  represents  the  anticipated  scaling  of  overall  intensity  as  a function  of  jet  velocity, 
angle  of  observation  etc.  It  was  however  the  extension  by  Lush  [3j  of  this  type  of  scaling  argument  to 
the  anticipated  variation  of  intensity  in  proportional  frequency  bands,  1/3  octave  for  example,  which 
concluaively  demonstrated  the  limitations  of  the  Lighthill  approach  for  prediction  purposes  (see  following 
section).  Lush  argued  that  the  intensity  in  proportional  frequency  bands,  centre  frequency  f,  should 
vary  at  a given  angle  6 in  accordance  with 
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The  variation  is  identical  to  that  for  overall  intensity  except  for  the  addition  of  the  spectrum 
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function  p^fD^_^  Cqbq^  The  appearance  of  the  Doppler  factor  emphasises  again  that  the  equivalent 

sources  are  assumed  to  be  in  motion,  the  factor  f (1-Mccoa0)ensur ing  that  the  same  source  frequency  is 
considered  irrespective  of  the  angle  from  which  it  is  observed. 


We  close  this  section  with  the  reminder  that  a jet  velocities  such  that  Mccos©  can  approach  unity, 
the  more  complete  Doppler  factor 

{(1-Mj.cos©)2  ♦ (orain2©  ♦ B2cos20)Mc2}^ 
should  be  employed  [9], 

2 . 2 Comparison  with  experiment 

In  this  section  we  shall  explore  the  degree  of  agreement  between  the  predictions  of  Eq.(3j  and  (4) 
and  jet  noise  measurements,  utilizing  the  results  of  [4j  in  view  of  the  large  range  of  parameters  available 
therein.  We  shall  also  restrict  ourselves  initially  to  isothermal  jet  flows,  that  is  flows  where  the  jet 
static  temperature  at  nozzle  exit  is  equal  to  the  ambient  temperature. 


The  comparison  between  (3)  and  experimental  observation  is  shown  in  Fig.l,  for  four  angles  of 
observation.  At  90°  to  the  jet  axis,  very  acceptable  agreement  is  observed.  However  at  angles  less 
than  90°  the  predicted  convective  amplification  clearly  overestimates  the  measured  levels,  while  in  the 
forward  arc,  0>9O°,  the  converse  applies;  that  is  the  anticipated  convective  attenuation  is  not  observed. 
The  influence  of  these  discrepancies  on  the  directivity  of  the  overall  sound  is  shown  in  Fig. 2,  where  it 
is  clear  that  the  dimensional  reasoning,  Eq.(3),  significantly  overestimates  the  degree  of  di  r< t ic>na  1 1 ty 
observed  in  practice. 


The  origin  of  these  differences  becomes  clearer  when  data  and  prediction  are  c -.pared  it  a tpe  tra. 
basis  as  suggested  in  Eq.(4).  Figs.  3a)  through  d)  show  comparisons  of  the  predictec  and  ar«‘ ^red 
directivities  for  four  values  of  the  reduced  frequency. 
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equal  to  0.1,  0.3,  1.0  and  3.0  respectively.  We  note  that  constant  values  l are  r.  seep  t : « 

spectrum  function  F(  ) constant  as  dictated  by  (4),  with  the  re»ult  that  the  obtjr  . 
with  decreasing  angle  of  observation.  Inspection  of  Fig. 3 indicates  the  t . win* 

a)  At  the  lowest  Strouhal  number,  reasonable  agreement  ia  obtained  ex  ept  at  a:  , 

axis,  where  measurement  significantly  exceeds  prediction.  Als<  deta  Mti  j is  - * . . 

of  prediction  involved  by  assuming  that  the  source  is  ter  diameters  wn  • • • 

plane  and  allowing  for  the  increase  of  observation  angle  relative  t,  the  *o^r  • s 

the  present  measurement  arrangement,  r/D  “ 72,  the  corn ct ion  is  rr.  : • , , t.  •«  . 

improvement  in  the  comparison.  Tne  influence  of  such  a c rre,  i r.  it  pa  s 

experimental  limitations  impose  the  use  of  small  r 3 values 

b)  The  remaining  comparisons.  Figs.  3b),  c),  and  d)  all  exhibit  t..c  • ,zm  go  • : •• 

degree  of  directivity  exceeds  that  observed  expei  1 mental  ly  , the  aag:  . t » 

progressively  larger  as  the  reduced  frequency  is  increased  We  «n  1 jvj  . 

follows. 

For  the  majority  of  frequencies  the  theory  of  freely  converting  quad  « 
observed  directivity,  the  magnitude  of  the  discrepancies  increasing  as 
i)  The  frequency  is  increased 
ii)  The  jet  efflux  velocity  is  increased 
iii)  The  angle  of  observation  is  decreased 

We  shall  return  to  offer  some  degree  of  explanation  for  these  <b»*  rvat  1 om  # • . -« 


2 . 3 Effect  of  temperature  on  jet  mixing  noise 

In  the  review  of  jet  mixing  noise  above  we  have  avoided,  as  does  the  Light:  . . the  t :.e  . ,r 

of  the  effect  of  jet  temperature  on  the  radiated  noise  field.  Early  onsi derat ior  . : i.< 

concentrated  on  the  idea  that  the  principal  effect  of  the  elevated  temperatur*  in  pr  • t . . w.  . . 

to  reduce  noise,  as  a result  of  the  decrease  of  density  ir.  the  source  region  in  the  Light:..  . . itrc  1 
tensor  Tjj  ■ pUiUj.  However  carefully  controlled  experiments  at  the  s.G.T.f  in  tnglanc  «:  \r 

in  France  showed  that  such  a picture  was  too  aimple.  Those  results  [loj  , subsequently  ,or.tirmed  by  thers 
[llj,  [l2j  show  that  at  low  jet  efflux  velocities,  increased  temperature  increases  the  noise  r.diati  -n, 
while  at  higher  velocities  the  converse  ia  true  as  ahown  in  Fig. 4.  Hoch  ct  al  Jo  t.oae  t ihir«  ttn<c 
this  variation  empirically  by  the  parameter  PJ  ui  where  w varies  from  -0.75  at  aval  ..city  of  50>tt  s to  a 
value  approaching  *2  at  1500  ft /a.  1 0 

It  appears  to  have  been  Lush  [llj  who  firat  attempted  to  provide  a rational  explanation  for  these 
observations.  Concentrating  on  the  0-90°  observation  position  to  avoid  the  problems  of  convective 
amplification  outlined  above,  he  argued  that  for  heated  flows  one  can  no  longer  neglect  the  second  term, 
(p-ao20) , of  the  Lighthill  stress  tensor  as  was  done  above  for  iaothennal  jet  flows.  He  chose  in  fact  to 
divide  the  denaity  fluctuations  into  a portion  which  were  isentropically  related  to  pressure,  the 
remainder  being  attributed  to  entropy  fluctuations;  for  a perfect  gas  this  leads  to  the  approximat ion 


t.  • 


0.uiuj 


S' 


c“ 

p 


The  superscript  ' ia  used  here  to  denote  s fluctuation  of  the  quantity  involved  relative  to  its  time- 


averaged  mean  value,  these  being  the  quantities  of  significance  in  view  of  the  fact  that  the  far  field 
acoustic  pressure  is  proportional  to  the  second  time  derivative  of  T^j,  Eq.(l). 

Scaling  the  entropy  fluctuation  S'  in  proportion  to  the  entropy  difference  across  the  jet  shear  layer 

^’e*  S’^Sj-Sq-C  loge(-i))  leads  to  a dimensional  form  for  the  far  field  intensity  contributed  by  the  first 
v lo 

and  third  terms  above,  of  the  form 
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where  K is  an  unknown  constant  and  the  implicit  assumption  is  made  that  the  Reynolds  shear  stress  and 
entropy  source  terms  are  uncorrelated.  This  expression  does  appear  of  the  correct  form  to  explain  the 
phenomena  observed  in  Fig. 4.  At  high  velocities,  where  the  additional  Uj  term  resulting  from  the  entropy 
fluctuations  will  be  least  important,  we  obtain  the  observed  reduction  in  noise  with  increasing  temperature 
as  a result  of  the  diminishing  value  of  the  source  region  density  pg.  Conversely  at  low  enough  velocity 
the  additional  Uj4  term  will  dominate,  causing  the  intensity  to  increase  with  increasing  temperature. 

In  terras  of  the  data  then  available  Lush  [ll]  was  able  to  demonstrate  a quite  convincing  agreement  between 
the  predictions  of  Eq.(5)  and  measured  data. 

These  ideas  were  subsequently  re-examined  by  Tanna  et  al  [12]  utilizing  data  for  a significantly 
larger  range  of  temperature  and  velocity  than  that  available  to  Lush.  This  work  suggested  that  for  an 
extensive  range  of  temperature  Lush’s  scaling  of  source  temperature  (and  hence  density)  as  the  geometric 
mean  of  the  jet  efflux  and  ambient  temperature  (i.e. /T8-  TjT0V  was  not  adequate,  and  a better  estimate  was 

T§  " 0.7(Tj-To)  ♦ Tq 

commensurate  with  knowledge  of  the  probable  temperatures  existing  in  the  most  intensely  turbulent  region 
of  the  jet  shear  layer. 

With  the  range  of  variables  available  in  this  latter  work  it  was  also  possible  to  estimate  spectra 
associated  with  the  Reynolds  shear  stress  and  entropy  sources  separately,  by  assuming  that  at  high  velocities 
the  former  dominated  while  at  low  velocity  and  high  temperature  the  entropy  term  was  the  sole  contributor. 
The  spectra  so  derived  were  then  combined  into  a prediction  scheme,  based  on  (5),  to  calculate  spectra  at 
intermediate  values  of  temperature  and  velocity  where  both  sources  were  appreciable  contributors.  This 
revealed  the  strong  probability  that  the  two  sources  were  not  uncorrelated  as  previously  supposed  but  were 
in  fact  strongly  correlated.  This  observation  is  not  really  surprising  when  it  is  remembered  that  both 
the  Reynolds  shear  stress  and  entropy  fluctuations  are  created  by  the  same  turbulent  mixing  process.  The 
relative  success  of  the  work  of  [l2J  is  demonstrated  in  Fig. 5 where  the  predictions  of  overall  sound 
pressure  level,  obtained  by  integrating  the  predicted  spectra,  are  compared  with  the  values  measured. 
Comparison  of  individual  spectra  showed  agreement  within  1-2  dB  over  an  extensive  range  of  parameters. 

In  spite  of  these  reassuring  results  Morfey  [l3j  was  in  the  meanwhile  questioning  the  correctness  of 
the  lj4  scaling  for  the  entropy  term  proposed  by  Lueh.  The  essence  of  this  argument  was  that  in  the 
absence  of  processes  associated  with  heat  conduction  and  viscosity,  normally  neglected  at  Reynolds 
numbers  appropriate  to  jet  noise  studies,  entropy  must  be  conserved  in  a frame  of  reference  following  a 
fluid  particle  (i.e.Ds^  ■ 0) , where  D denotes  a total  derivative. 

Dt  Dt 

It  thus  follows,  since 


Ds  _ 9s  9s 

Dt  = dt  Vi  lixi  ’ 


that  the  second  time  derivative  required  to  scale  the  Lighthill  stress  tensor  is 
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which  following  normal  scaling  law  procedure  will  yield  a modified  version  of  (5)  of  the  form 
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We  see  that  while  the  same  temperature  dependences  are  anticipated  the  additional  term  now  varies  as  the 
as  the  sixth  as  opposed  to  fourth  power  of  velocity. 

From  the  experimental  point  of  view,  the  difficulty  of  deciding  which  of  the  scaling  laws,  (5)  or  (6), 
provides  the  better  fit  to  measurements  arises  from  a re-analysis  of  Tanna’ s data  [4]  by  Szewczyk  (ISVR 
unpublished  work)  that  a combination  of  Vj6  and  Uj6  terms  uncorrelated  gives  a slightly  better  fit  than 
the  originally  proposed  Vj4  and  Vj8  terms  with  positive  correlation. 

In  addition,  the  form  of  the  temperature  dependence  shown  for  the  entropy  term  in  (5)  or  (6)  should 
not  be  regarded  as  final  for  similar  reasons,  although  there  is  reasonable  agreement  between  the 
measured  and  predicted  trends  based  on  low  velocity  data. 

2.4  Acoustic-mean  flow  interaction 

We  have  already  demonstrated  in  Section  2.2  the  type  of  discrepancy  which  exists  between  predictions 
based  on  the  Lighthill  acoustic  analogy  of  freely  convecting  quadrupoles,  and  experimental  data.  In  this 


. 


}-5 


section  we  introduce  the  concepts  involved  in  the  flow/acoustic  interaction  studies,  which  appear  to  offer 
the  potential  of  reducing  such  differences. 

We  begin  with  the  very  simple  two-dimensional  situation,  shown  below,  in  which  a disturbance  P (x,y,t) 
is  approaching  an  interface  which  divides  fluid  of  velocity  l!g  and  sound  speed  as  from  an  ambient  Medium 
with  sound  speed  aD. 


p.  (».■*. 4 ) 


That  disturbance  approaches  the  boundary  in  the  form  of  waves  whose  normal  makes  an  angle  q8  with  the 
interface,  is  then  refracted  to  emerge  at  angle  60  into  the  ambient  fluid. 

We  may  write  descriptions  of  these  disturbances  in  the  form 

Pg(x,y , t)  ■ Ag  exp| j (wt-kgxcos0s-ksy8ine8) 

P (x,y,t)  * A exp ( j (ut-k  xcos6  -k  ysin0  ) 
o o'  o o o o 

in  the  flow  and  ambient  regions  respectively,  although  it  must  be  clearly  understood  the  descriptions  are 
appropriate  to  a space-fixed  observer  in  both  cases. 

Matching  the  x component  wave  numbers  across  the  boundary, 

i.e.  k cose  = k cos0 
s s o o 

and  application  oi  Snell's  law  of  refraction,  i.e. 


(which  amounts  to  matching  axial  phase  speeds  across  the  interface)  is  sufficient  to  yield  an  expression 
for  kssine8,  which  as  the  defining  equations  above  demonstrate,  describes  propagation  in  the  y direction 
within  the  flow  region.  It  is 


k sine  * ~ [ (1-Mcose  )2 


where  M * — . 


Of  particular  relevance  to  our  present  considerations  is  the  fact  that  Ky  may  be  either  real  or 
imaginary,  depending  on  the  sign  of  the  term  in  the  square  brackets.  It  is  in  fact  imaginary  for  al 
values  of  the  emergence  angle  0O  less  than  some  critical  value  0C,  where  * 


The  physical  significance  of  8^  is  that  it  corresponds  to  the  angle  of  emergence  of  a sound  wave  travelling 
in  the  flow  region  in  a direction  parallel  to  the  x axis,  as  can  be  seen  by  putting  0S-O  in  the  Snell's 
law  relation  above.  Thus  all  genuine  sound  waves  in  the  flow  field,  that  is  waves  whose  phase  speed 
relative  to  the  moving  fluid  is  ag,  must  emerge  at  angles  greater  than  0C.  For  this  reason  the  angular 
range  O<0o<0c  is  comnonly  referred  to  as  the  cone  of  silence,  since  sound  waves  in  the  flow  cannot 
penetrate  into  that  angular  range.  Consideration  of  the  value  of  0C,  even  for  the  relatively  modest  flow 
conditions  as  . . , ......  . , , o 

« M ■ 1,  indicates  that  it  will  be  of  order  60  . We  thus  obtain  the  apparently  contradictory 

result  that  in  many  practical  cases  the  angle  of  peak  noise  radiation  from  jet  flows,  circa  45°,  is  contained 
within  trie  cone  of  silence.  It  is  necessary  therefore  to  consider  the  nature  of  disturbances,  within  the 
flow  region,  which  can  emerge  into  the  cone  of  silence. 

For  cases  in  which  Ky  is  imaginary,  i.e.  0O<0C,  the  defining  equation  for  disturbances  in  the  flow 
region  becomes 


* We  note  also  a maximum  value  of  0 for  which  K is  real,  but  shall  not  consider  this  further  here, 
i.e.  forward  arc  cone  oi  silence.  ^ 


Ps(x.y.t)  - Asexp|j(ut-koxco»eo) |exp|-  | Ky | y|  , 


IK  I = — |cos20  - (1-Mcos0  )2 — I 

y a0  ° ° lv 

It  appears  therefore  that  a disturbance  originating  a distance  y below  the  in’.erface,  which  subsequently 
radiates  into  the  cone  of  silence,  will  suffer  an  exponential  decay,  exp|-|K,  |jF|  prior  to  its  arrival  at 
that  interface.  The  analogy  between  this  process  and  the  behaviour  of  cut-off  duct  modes  is  of  course 
obvious. 

Some  idea  of  the  physical  processes  involved  can  be  obtained  by  considering  the  wave  number/frequency 
decomposition  of  a source  located  a distance  y below  the  interface.  It  is  well  known  that  for  such  a 
source  located  in  an  infinite  uniform  medium  only  those  portions  of  the  wave  number /frequency  spectrum, 
S(R,w),  having  axial  phase  speeds  in  excess  of  the  effective  sound  speed  c§n  contribute  to  the  far  field 
radiation.  Further  the  radiation  angle  to  which  a particular  value  of  S(k,w)  contributes  is  that  for 
which  its  phase  speed,  resolved  in  that  direction,  is  equal  to  the  appropriate  speed  of  sound.  In  similar 
vein  we  can  identify  the  wave  number  components  which  radiate  outside  and  inside  the  cone  of  silence 
respectively.  Those  for  which  the  axial  phase  speed  is  greater  than  (a8+Ug)  can  generate  an  acoustic 
field  in  the  moving  stream  which  would  radiate  to  the  boundary  even  in  the  limit  that  the  distance  y -+  ®. 
However  on  arrival  at  that  boundary  the  minimum  phase  speed  of  this  set  is  (as+U8;  so  that  in  radiating 
into  the  ambient  fluid  the  minimum  angle  of  emergence  is  given  by 

(a  +U  ) cos  0 = a 

s s mm  o 

which  again  defines  the  cone  of  silence  angle.  We  see  therefore  that  those  wave  number  components,  whose 
axial  phase  speeds  are  supersonic  relative  to  the  moving  fluid,  all  yield  radiation  outside  the  cone  of 
silence. 

However,  let  us  now  consider  a further  subset  of  wave  number /frequency  components  whose  axial  phase 
speeds,  Ux,  are  in  the  range 

a *U  <(U  +a  ). 
ox  s s 

That  is,  they  are  subsonic  relative  to  the  moving  fluid,  but  supersonic  relative  to  the  ambient  fluid. 

They  cannot  therefore  produce  an  acoustic  field  in  the  normal  sense  within  the  moving  fluid.  In  fact  a 
destructive  interference  occurs  leading  to  the  exponential  decay  specified  above.  However,  if  | Ky | y"  is 
not  too  large  some  residual  of  these  disturbances  arrives  at  the  interface.  Their  axial  phase  speed  is 
now  supersonic  relative  to  the  ambient  medium  so  that,  in  essence,  the  boundary  can  be  regarded  as  a new 
source  which  can  radiate  an  acoustic  field  to  fill  the  anguLar  range  between  the  flow  axis  and  the  cone 
of  silence  angle.  The  amplitude  of  the  acoustic  field  in  this  region  will  of  course  now  depend,  among 
other  things,  on  the  severity  of  the  exponential  decay  and  hence  on  the  distance  of  the  source  region 
from  the  flow  boundary,  >T.  We  see  therefore  that  the  behaviour  of  source  fluctuations  which  radiate 
inside  and  outside  the  cone  of  silence  respectively  is  likely  to  be  rather  different,  and  it  is  useful  to 
use  the  cone  of  silence  angle  as  a boundary  for  future  discussion. 

a)  Radiation  outside  the  cone  of  silence  (0o>0c)  ~ The  early  comparisons  due  to  Lush  [3],  with  their 
relatively  limited  range  of  variables,  suggested  that  outside  the  cone  of  silence  angle  the 
predictions  based  on  the  Lighthill  acoustic  analogy  were  reasonably  acceptable.  However,  the 
extended  range  due  to  Tanna  [a]  does,  as  we  have  seen  in  Figs.  3b), c)  and  d) , suggest  that  even  at 
relatively  large  angles  to  the  jet  axis  the  measured  directivity  is  less  than  that  predicted  by  the 
five  powers  of  Doppler  factor 

The  work  of  [7]  indicates  that  there  are  two  principal  physical  mechanisms  associated  with  flow 
shrouding  of  a source,  which  account  for  such  differences.  * The  first  is  demonstrated  in  Fig. 6a) 
where  rays  emanating  from  a stationary  source  embedded  in  the  moving  fluid  are  traced  across  the 
interface  using  the  Snell's  law  relationship.  It  is  clear  that  a "packing"  of  rays  occurs  as  one 
proceeds  from  the  0O  - 90°  position  towards  the  cone  of  silence  angle.  Thus  even  if  the  acoustic 
energy  flux  per  unit  area,  i.e.  the  intensity,  were  independent  of  angle  in  the  flow  region  it  would 
be  non-uniform  in  the  ambient  region  as  a result  of  this  ray  focussing  phenomenum.  In  fact  as  [7] 
shows  for  an  axiaymmetric  situation  since  acoustic  energy  radiated  in  the  angular  range  0t  6 g +d  6 8 
must  appear  in  the  angular  range  0O  to  0o+d0o,  the  Areas  on  a sphere  of  radius  R through  which  this 
energy  passes  are 

2irR2sin0od0o  and  2irR2sin08d08 
with  and  without  refraction  respectively. 

Thus  the  relative  intensities  are  in  the  ratio 


sin0  d0  d(cos0  ) 

s s . a 

sin0  d0  d (cos0  ) 


* In  these  notes  we  take  a relatively  simplified  view.  The  reader  should  consult  [7]  for  a more 
rigorous  account. 
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differences  between  theory  and  experiment. 

More  recently  detailed  numerical  solutions  of  the  Lilley  equation  have  been  undertaken  by  Tester  [ l\  , 
based  on  a model  of  a ring  source  located  in  the  jet  flow  at  the  radial  station  for  a given  source 
frequency  (based  on  source  location  data)  the  agreement  between  measured  and  calculated  directivities 
is  as  shown  in  Fig. 8. 

However  extension  of  these  calculations  to  higher  velocities  indicates  that  the  calculated  levels,  at 
angles  well  within  the  cone  of  silence,  progressively  underestimate  those  measured.  The  reasons  are 
not  currently  entirely  clear,  but  two  strong  possibilities  do  exist.  First,  the  model  of  a ring 
source  at  one  radial  location  may  be  too  simpli  when  the  exponential  decay  process  yields  large 

attenuations  of  perhaps  30  - 40  dB.  In  such  a situation  relatively  weak  sources  in  the  outer 

portions  of  the  shear  layer,  which  are  less  efieotively  attenuated,  may  become  significant  and  set  a 
lower  limit  on  the  measured  levels.  Secondly,  turbulent  scattering  of  acoustic  energy  into  the  cone 
of  silence  is  a possibility  which  justifies  future  attention. 

In  summary,  while  future  work  is  clearly  required  to  improve  our  understanding  of  flow/acoustic  inter- 
action processes,  particularly  with  a view  to  application  of  this  work  to  detailed  jet  noise  prediction, 
it  does  appear  tha  such  studies  offer  considerable  potential  in  providing  a rational  explanation  for 
many  of  the  observed  features  of  jet  noise  radiation, 
c)  Suppressor  Operation  - In  this  final  section  on  the  topic  of  flow/acoustic  interaction  we  shall 

explore  the  possible  role  of  these  phenomena  in  the  operation  of  jet  noise  suppression  devices.  A 

number  of  current  jet  noise  suppressors  appear  to  operate  either  by  causing  the  jet  flow  to  spread 
more  rapidly  than  tha  for  the  datum  conical  nozzle  (i.e.  fish  tailing  jets  [l6^)f  or  by  surrounding 
certain  noise  producing  regions  with  flow  (i.e.  multi-tube  or  chuted  nozzles). 

Fisher  fl5"]  suggests  that  a rational  expl  nation  for  the  observed  characteristics  of  these  suppressors 
is  possible  if  one  assumes  that  the  principal  role  of  the  mean  flow  modification  is  to  increase  the 
depth  of  flow  separating  the  noise  producing  region  from  the  ambient  atmosphere  (i.e.  on  increase  of 
the  effective  depth  y) . This  differs  from  more  conventional  explanations,  based  on  the  Lighthill 
analogy,  in  which  attenuations  are  attributed  to  factors  such  as  reduced  shear,  reduced  source  volumes 
etc.  However  the  latter  do  not  adequately  explain  two  commonly  observed  features  of  suppressor 
nozzles.  First  the  lack  of  benefit  obtained  at  large  angles  to  the  jet  axis,  and  more  particularly 
the  increased  attenuation,  relative  to  a datum  conical  nozzle,  observed  as  the  jet  velocity  is 
progressively  increased.  Let  us  therefore  explore  the  way  in  which  flow/acoustic  interaction  may 
account  for  such  observations. 

To  this  end  we  assume  that  the  only  modification  created  by  the  introduction  of  the  suppressor  flow 
is  to  increase  the  effective  depth  from  Yc  for  the  datum  circular  nozzle  to  Ys  for  the  suppressor 
nozzle,  the  character  of  the  main  noise  producing  region  remaining  otherwise  unmodified. 

Thus,  for  observation  angles  outside  the  cone  of  silence,  where  the  depth  of  flow  separating  the  source 
from  the  boundary  has  no  effect,  no  attenuation  is  anticipated.  However  on  entering  the  cone  of 
silence  the  increasing  effective  depth  created  by  the  suppressor  flow  will  yield  a larger  exponential 
decay,  to  given  an  attenuation  relative  to  the  conical  nozzle  of 

55f (y  -y  ) fa  % 2 } 
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For  interpretative  purposes  it  is  useful  to  write  this  expression  in  the  expanded  form 


A(dB) 
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and  to  assume  on  the  basis  of  the  data  in  Fig. 7 that  both  ^s/D  and  ^c/D  are  cpnstant  for  a given  value 
of  Strouhal  number  ID  . 
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The  characteristics  of  the  observed  attenuation  are  then  expected  to  be  as  follows: 

a)  Attenuation  will  occur  as  one  enters  the  cone  of  silence  and  will  progressively  increase  with 
further  reduction  of  observation  angle,  as  a result  of  the  increase  of  value  of  the  | | term  above. 

b)  An  increase  of  jet  efflux  velocity  will  increase  the  angular  range  over  which  attenuations  are 
observed,  as  a result  of  the  increased  cone  of  silence  at.gle. 

c)  An  increase  of  jet  efflux  velocity  will  increase  the  magnitude  of  the  attenuations,  as  a result  of  ?. 

^J/aQ  term  in  the  expression  below. 


Some  confirmation  for  these  ideas  is  presented  in  Fig. 9,  which  shows  a comparison  of  measured  field 
shapes  for  a circular  nozzle  and  rapidly  spreading  fish-tailed  jet.  Outside  the  cone  of  silence 
angle  the  levels  are  quite  similar,  but  once  one  enters  the  cone  of  silence  the  fish-tailed  jet  shows 
increasing  benefits,  whose  characteristics  are  qualitatively  in  agreement  with  the  suggestion  above. 

3.  SHOCK  ASSOCIATED  NOISE 

As  the  pressure  ratio  of  a convergent  nozzle  exceeds  a certain  critical  value  (1.89  for  air  with 
Y ■ 1.4),  a series  of  shock  cells,  cometimes  also  termed  shock  diamonds,  are  observed  to  form  in  the  jet 
exhaust  flow.  Further  increase  of  pressure  serves  to  extend  the  length  and  spacing  of  the  successive 
cells.  The  spacing  is  given  approximately  by 

L - 1.25  6D  . 
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0 r^ij2- 1 and  Mj  is  the  fully  expanded  jet  Mach  number,  a function  of  pressure  ratio  alone. 

The  presence  of  these  shock  cells  is  known  to  give  rise  to  two  types  of  noise.  The  first,  described 
by  Powell  [uj . is  a discrete  tone  radiation  often  termed  screech.  As  discussed  below  it  appears  to  owe 
its  origin  to  a feedback  mechanism  between  the  shocks  and  nozzle  lip.  The  second  component,  termed  broad 
banu  shock  associated  noise,  has  been  investigated  in  some  detail  by  Harper-Bourne  [ 18 J . That  work  shows 
that  the  noise  arises  as  a result  of  turbulent  eddies  interacting  with  the  shock  cell  structure  to  form  an 
array  of  partially  correlated  sources. 

3. 1 Discrete  tone  radiation  (Screech) 


The  mechanism  giving  rise  to  screech  is,  in  principle,  straightforward.  We  consider  a disturbance 

(i.e.  an  eddy)  leaving  the  nozzle  lip  at  time  t ■ 0.  It  therefore  arrives  at  the  end  of  the  first  shock 
cell  at  time  t j ■ ii  where  Vc  is  the  eddy  convection  velocity.  Here  it  interacts  with  the  shock  wave, 

generating  an  acoustic  wave  which  travels  upstream  in  the  ambient  air  surrounding  the  jet  to  re-disturb 
the  nozzle  exit  flow.  This  in  turn  creates  a new  eddy  which  travels  away  downstream  and  hence  the  process 
repeats  to  create  a feedback  loop.  The  cycle  time  for  the  process  is  therefore  the  sum  of  the  eddy 

convection  time  «—  and  the  time  taken  for  the  sound  wave  to  travel  from  the  shock  to  the  nozzle  h— 
vc 

The  frequency  is  the  reciprocal  of  the  'cycle'  time  and  is  therefore 
V 

f = — 

s L(l+M  ) * 

c 

Ample  evidence  does  exist  to  confirm  that  discrete  frequency  radiation  from  shock  containing  flows  does 
occur  at  this  frequency  and  its  harmonics. 

By  contrast,  one  can  be  far  less  categorical  regarding  the  parameters  which  control  the  amplitude  of 
these  tones.  Common  experience  indicates  they  are  often  important  contributors  on  cold  model  jets,  but 
seldom  occur  significantly  on  aero-engine  configurations,  although  some  minor  structural  damage  to  a 
V.C.  10  tailplane,  attributable  to  screech,  has  been  reported  by  Hay  [l9] . 

Experience  on  cold  model  jets  at  the  ISVR  indicates  that  for  a normal  nozzle  configuration  screech 
tone  amplitudes  are  frequently  non-stationary , varying  by  a factor  of  five  while  the  jet  is  operated  at 
ostensibly  constant  conditions.  This  phenomenon  can  be  eliminated  with  the  provision  of  a large 
reflector  plate  in  the  nozzle  exit  plane.  The  tone  amplitudes  are  both  stabilized  and  increased.  Stable 
tones,  but  at  a much  lower  level,  are  also  obtained  if  the  reflector  plate  is  covered  with  a layer  of 
acoustic  foam.  It  was  also  found  that  the  addition  of  a small  projection  on  the  nozzle  lip,  with  this 
latter  configuration,  was  effective  in  eliminating  the  tones  at  least  to  the  extent  where  they  were  not 
detectable  on  6%  bandwidth  spectral  analysis. 

From  this  experience  it  is  concluded  that  the  amplitude  of  screech  tones  is  very  dependent  boih  on  the 
presence  of  acoustically  reflecting  surfaces  in  the  vicinity  of  the  nozzle  exit  plane  and  or  the  state  of 
the  nozzle  flow. 

3. 2 Broad  band  shock  associated  noise 

The  character  and  dependences  of  this  second  component  of  shock  cell  noise  have  been  investigated  in 
considerable  detail  by  Harper-Bourne  fl8] , using  the  configuration  outlined  above  to  eliminate  screech  tones. 

The  variation  of  the  overall  sound  pressure  level  for  an  unheated  jet  as  a function  of  jet  velocity 
is  shown  in  Fig. 10a)  for  three  angles  of  observation.  It  is  clear  that  once  the  nozzle  chokes  (Mj  * 1) 
the  OASFL's  at  90°  and  143°  rise  extremely  rapidly  and  the  field  becomes  virtually  omni-directional.  A 
more  informative  manner  of  plotting  the  data  for  Mj>1  is  shown  in  Fig. 10b).  Also  shown  there  is  a linear 
extrapolation  of  the  mixing  noise  data  from  Fig. 10a).  It  is  appranet  that  once  the  shock  noise  dominates, 
the  OASPL  varies  as  S4over  the  majority  of  the  pressure  ratio  range.  This  in  turn  suggests  that  the 
source  amplitude  varies  as  02,  which  use  of  the  Rankine  Hugoriot  relations  shows  is  in  direct  proportion  to 
the  pressure  jump  across  the  shock  wave.  Harper-Bourne  furthermore  was  able  to  confirm  using  a crossed 
beam  Schlieren  system,  that  this  was  indeed  the  variation  of  fluctuation  amplitude  observed  at  the  shock 
cell  ends.  Finally  shown  in  Fig. 10c)  is  the  variation  of  OASPL  as  a function  of  pressure  ratio  (i.e. 6) 
for  a range  of  jet  efflux  temperatures,  together  with  estimates  of  the  mixing  noise  contribution  at  the 
two  extremes  of  temperature  considered.  We  note  that  the  mixing  noise  contribution  is  larger  at  the 
higher  temperature  as  a result  of  the  higher  associated  jet  efflux  velocity  at  a fixed  pressure  ratio. 

However  again  once  the  shock  cell  noise  dominates,  a B4  dependence  is  observed  at  levels  which  are 

independent  of  jet  temperature. 

Thus  with  respect  to  the  variation  of  overall  intensity  of  broad  band  shock  associated  noise  we 
conclude 

a)  It  is  independent  of  observation  angle 

b)  It  is  independent  of  jet  temperature  and  hence  jet  efflux  velocity,  being  solely  a function  of 

pressure  ratio  in  accordance  with  the  empirical  relationship 
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OASPL '(dB)  - 158.5  ♦ 10  logj 


The  spectral  character  of  shock  associated  noise  is  demonstrated  in  Fig. 11,  where  the  spectrum  of  noise 
from  a convergent  under-expanded  nozzle  is  compared  with  that  from  a convergent-divergent,  shock  free 
nozzle,  both  of  which  were  operated  at  the  same  pressure  ratio  and  temperature.  This  shock  associated 
noise  component  is  clearly  reasonably  broad  band,  but  exhibits  a distinct  spectral  peak.  This  peak 
arises  due  to  interference  between  radiation  from  the  various  shock  ceils  as  shown  schematically  below. 
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We  suppose  that  an  eddy  convecting  down  the  shock  cell  array  causes  each  to  emit  a signal  whose  relative 
phase  is  set  by  the  eddy  convection  time.  Hence,  considering  for  simplicity  a narrow  band  of  frequencies 
the  source  fluctuation  at  the  n^  source  is  of  the  form 


A (oj)  cosw  (t-  — ) . 
n vc 

We  can  next  sum  the  contribution  from  all  such  sources,  with  due  allowance  for  retarded  time, 
received  by  a far-field  observer  at  distance  rQ  and  angle  0 is  therefore 


The  signal 
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The  mean  square  pressure  at  frequency  to  is  therefore 
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We  note  that  the  summation  above  is  made  up  of  two  distinct  types  of  term.  First,  those  for  which  n * m 
represent  the  sum  of  contributions  from  each  shock  cell  acting  alone.  This  is  the  mean  square  pressure 
which  would  be  obtained  if  the  sources  were  statistically  independent  or  uncorrelated.  However  since  the 
sources  are  driven  by  the  same  eddy,  some  degree  of  correlation  is  anticipated  and  is  represented  by  the 
remaining  terms  for  which  n^m.  We  note  also  that  these  remaining  terms  will  yield  a maximum  contribution 
whenever  the  argument  of  the  cosine  is  either  zero  or  an  integer  multiple  of  2it.  The  former  condition 
corresponds  to  the  Mach  angle,  Mccos0“  1,  but  we  shall  not  consider  this  further  as  experience  suggests 
that  jet  mixing  noise  is  normally  the  major  contributor  at  this  angle.  The  second  condition  however 
implies  that  we  should  expect  a peak  shock  cell  noise  contribution  at  frequencies  given  by 

V 

f 3 * 

p L(l-M  cos  0) 


That  is  for  an  observation  angle  of  0 -90  the  pea 
apparent  Doppler  shift  at  other  angles.  A comparis< 
included  in  Fig.  11.  We  also  note  finally  that  for 


'0  the  peak  frequency  is  — and  then  varies  in  the  manner  of  an 
A comparison  between  this  prediction  and  experiment  has  been 


which  is  identical  to  the  screech  frequency  discussed  previously.  It  appears  therefore  that  at  the  screech 
frequency  the  shock  associated  noise  from  an  array  of  shocks  will  all  combine  constructively  to  yield  the 
strong  forward  radiation  needed  to  maintain  the  feedback  loop. 

For  more  complete  details  of  the  prediction  of  shock  associated  noise  the  reader  is  referred  to  ^18j  . 

We  note  however  an  important  typographical  error  in  that  work:  Eq.(27)  should  read:- 


W9-“>  - Co(ro'“)  1 + iil  H Ci("> 


“(1-M  cos0) (1-p  . ) 


THE  STATIC  TO  FLIGHT  DILEMMA 


A set  of  notes  on  jet  noise  would  be  incomplete  at  the  present  time  without  some  brief  mention  of 
recent  work  on  static  to  flight  effects.  The  majority  of  our  knowledge  on  jet  noise  is  clearly  derived 
from  static  tests,  but  normally  the  practical  requirement  is  to  predict  the  noise  field  generated  when  the 
nozzle  is  in  forward  motion  at  speeds  up  to  250  knots  (MA  • >37).  Early  estimates  of  the  differences  due 
to  forward  motion  appear  to  have  centred  on  the  idea  that  the  principal  effect  of  flight  would  be  to  reduce 
the  velocity  difference  between  the  jet  efrlux  and  the  ambient  fluid  from  Uj  statically  to  (Uj-UA)  in  flight. 
(UA"**rcra^  forward  speed).  Assuming  that  both  turbulence  intensity  and  the  time  scales  of  the  turbulence 


y»r_v 
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scale  on  this  velocity  difference  then  a static  to  flight  noise  reduction  of 


A(dB)  * 10  log10 


might  be  expected. 

However  a considerable  volume  of  flight  testing  now  shows  such  a prediction  to  be  grossly  over- 
optimistic.  A recent  comprehensive  survey  has  recently  been  presented  by  Bushell  [26] , who  chose  to 
empiricise  the  static  to  flight  difference  in  the  form 


A(dB)  * 10  log 


i[v*r 

10 1 hr- 


(1+M^cosO) 


The  variation  of  the  empirical  exponent  m with  angle  of  observation  for  a wide  range  of  aircraft  types  is 
shown  in  Fig. =2.  It  is  clear  that  m is  a strong  function  of  angle,  reducing  from  about  5.5  at  small 

angles  to  zero  at  6 = 90°  and  then  going  negative,  implying  that  for  the  forward  arc  the  noise  actually 
increases  in  going  from  static  to  flight. 

These  and  other  difficulties  associated  with  accurate  estimation  of  the  flight  performance  of  various 
types  of  jet  noise  suppressor  nozzles  have  led  to  a search  for  methods  of  simulating  forward  motion  to 
avoid  the  expensive  process  of  bringing  these  nozzles  to  a flight  standard.  Two  principal  methods  of 
simulation  are  currently  in  vogue,  namely  the  use  of  anechoically  treated  wind  tunnels  [2l]  and  the  use  of 
large  area  ratio  co-axial  jet  configurations.  In  both  cases  the  principle  is  to  submerge  the  jet  under 
test  in  a large  co-flowing  stream. 

The  results  from  such  simulations  appear  in  general  to  be  internally  consistent  and  demonstrate  a 
fairly  uniform  reduction  of  noise  irrespective  of  angle  of  observation  as  indicated  in  Fig. 12.  Clearly 
the  results  are  quire  significantly  different.  For  example  the  wind  tunnel  results  would  imply  that  for 
a jet  velocity  of  1,000  ft/s  and  a flight  speed  of  200  ft/s  (or  125  knots)  a noise  reduction  at  0 * 90°  of 
order  5 dB  might  be  expected,  while  actual  flight  experience  would  suggest  no  change. 

The  reason  is  the  possibility  that  tailpipe  noise,  present  on  aero  engines  but  not  on  the  model 
simulation,  is  not  reduced  by  forward  speed  and  may  even  be  amplified  in  the  forward  arc  as  a result  of 
forward  motion.  Thus  the  anticipated  jet  mixing  noise  reduction  is  severely  reduced  by  an  underlying 
content  of  tailpipe  noise  which  is  not  apparent  on  the  static  test,  but  becomes  more  so  in  the  flight 
environment. 

It  is  clear  however  that  an  improved  understanding  of  static  to  flight  behaviour  is  required  before 
one  can  ascertain  whether  the  noise  reductions  implied  by  the  wind  tunnel  simulations  can  be  realised  in 
the  practical  situation. 
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APPENDIX  A 


LIGHTH ILL'S  ACOUSTIC  ANALOGY 


The  problem  of  noise  produced  by  a free  turbulent  flow  in  the  absence  of  mass  injection  and  externally 
applied  forces  was  developed  by  Lighthill  by  combining  the  equations  describing  the  conservation  of  mass 
and  momentum. 

They  are  respectively 

* dr  <PV  ■ 0 (1) 

l 

«(pvi>  ♦ + dr  - rr1  - 0 (2) 

J 1 J 

where  a.,  is  the  viscous  stress  tensor. 

The  equations  are  written  in  tensor  notation,  implying  that  summation  over  the  values  of  i and  j equal 
to  1,  2,  3 is  required.  For  example,  Eq.(l)  written  out  in  fuJl  is 

It  * 3r(pV  * d^(pv2)  + ^7cpv3>  ■ 0 

where  x^,  X£»  X3  are  three  orthogonal  co-ordinates  and  v^  V2 , V3  the  velocity  components  in  these  directions. 

A wave  equation  may  now  be  developed  by  differentiating  (1)  wrt  time  and  (2)  wrt  the  space 
co-ordinate  x^.  Subtraction  of  the  two  resulting  equations  eliminates  pv^  to  yield 

1% |L  (pv.v.)  -i!E_  + 0 (3) 

}Vxj  2 •»  8X.2  sV*j 

We  now  subtract  a^2  32p/3x^2  from  both  sides  of  this  equation  to  form  a wave  equation  for  density  as  follows, 


o ax.  2 


Kvj  ♦ - a02p)sij  - Vjl 


where  6 . . ■ 1 i ■ j 
ij  J 

- 0 i i j. 

The  term  in  square  brackets  on  the  rhs  of  (4)  is  traditionally  denoted  by  T. . and  is  called  the  Lighthill 
stress  tensor.  If  T.  . is  equal  to  zero  then  (4)  reduced  to  the  form  of  a vrAve  equation  showing  that  the 
density  fluctuations  a^e  then  propagated  in  the  manner  of  sound  waves.  In  fact,  outside  the  flow  region 
Tij  will  be  zero,  at  least  to  the  accuracy  of  linear  acoustic  theory.  The  only  contribution  to  velocity 

fluctuations  are  variations  of  acoustic  particle  velocity.  However,  second  order  products  of  particle 
velocity  like  Vi  vj  are  negligible  for  linear  acoustic  waves.  The  terra  p - a is  similarly  zero  in  a 
sound  field  or  for  that  matter  for  an  isentropic  process.  This  leaves  only  tfie  viscous  term  which  is 
known  to  attenuate  sound  waves  over  relatively  large  distances,  but  is  negligible  for  many  practical 
purposes.  Thus  outside  the  flow  the  density  fluctuations  are  predicted  to  propagate  like  sound  waves,  and 
the  rhs  may  be  regarded  as  a source  term. 

*sl  - . 2 afe 


If  it  is  assumed  that  T„  is  known  then  the  solution  of  (5)  is 


)(x,t)  - P — | v-3-2  - T.  . (y,t  - 

0 4,.  2 J 3y  3y.  ij  a, 


where  p(*.t)  is  the  density  observed  at  position  jt  and  time  t outside  the  source  region. 

The  interpretation  of  this  result  is  that  the  density  fluctuations  observed  outside  the  flow  region 
are  those  which  would  be  produced  by  an  array  of  sources  of  strength  32Tij/3yi3yj  per  unit  volume  distri- 
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buted  over  regions  occupied  by  the  flow,  and  evaluated  at  the  correct  retarded  time.  These  sources  are 
termed  acoustically  equivalent  meaning  that  this  set  of  sources  would  produce  precisely  the  acoustic 
radiation  due  to  the  flow.  However,  it  is  important  to  realise  that  these  sources  are  used  to  replace 

the  flow  in  a medium  at  rest.  For  the  acoustic  problem  the  flow  no  longer  exists;  only  the  array  of 

\ equivalent  sources. 

The  nature  of  these  'sources'  is  also  of  interest.  Reference  to  Eq.(4)  indicates  that  the  rhs  is 
composed  of  the  actual  stresses  on  the  fluid  due  to  pressure  and  viscous  forces,  the  apparent  or  Reynolds 
stress  (i.e.  the  pu.u.  term)  less  the  stress  which  would  be  created  by  the  density  perturbation  contained 
in  the  a02p  term.  1 JIt  is  argued  therefore  that  the  source  strength  32Tij/3x£dxj  is  composed  of  the 
difference  between  the  effective  stresses  on  the  fluid  and  those  imposed  by  the  density  field  and  it  is 

this  residual  stress  which  is  the  forcing  function  for  the  radiated  density  field. 

Finally,  it  is  to  be  emphasised  that  Eq. (9)  is  exact,  no  approximations  ‘being  involved  in  its 
derivation.  Thus  were  the  second  space  derivatives  of  Tfj  at  the  appropriate  retarded  times  (t-|X-y|/aQ) 
known  accurately  the  density  and  hence  sound  field  could  be  precisely  specified.  It  is,  in  fact, w 
finding  approximate  methods  of  estimating  the  rhs  of  (6)  where  the  results  obtained  are  not  too  dependent 
on  those  approximations  which  offer  the  major  challenge  to  the  theoretician. 

THE  LIGHTH1LL  FORMULAE 


In  this  section  we  present  a number  of  techniques  which  have  been  proposed  for  providing  reasonable 
estimates  of  the  noise  radiated  by  jet  flows.  As  one  example  of  the  problems  involved,  however,  it  is 
tempting  in  view  of  Eq. (6)  to  assume  first  that  the  observer  at  x is  sufficiently  far  from  the  source  that 
can  be  replaced  by  | | in  the  denominator  and  secondly  that  the  source  is  small  compared  to  the 
acoustic  wavelength  so  that  retarded  times  can  be  neglected  for  such  a compact  source.  Eq.(6)  reduces  to 


32T.  ; 


p(x,t)  - p 


dV(£), 


Gauss'  theorem,  however,  tells  us  that  any  volume  integral  of  the  divergence  of  a function  may  be  replaced 
by  a surface  integral  of  that  function  over  any  chosen  closed  surface.  Thus  the  integral  becomes 


We  now  merely  have  to  choose  the  surface  outside  the  flow  where  Tjj  is  zero  to  obtain  the  result  that  the 
source  strength  is  zero.  Clearly,  the  approximations  made  are  too  crude  and  in  fact  our  major  mistake 
was  that  of  neglecting  the  retarded  times.  This,  of  course,  tells  us  immediately  that  the  equivalent 
sources  of  (6)  are  not  monopole,  but  of  some  higher  order.  Our  approximation  above  resulted  in  precisely 
the  anomaly  which  occurs  when  radiation  from  any  multipole  is  estimated  with  neglect  of  retarded  times; 
complete  cancellation  occurs.  It  appears,  therefore,  that  progress  is  unlikely  to  be  made  by  attempting 
approximate  estimates  of  the  simple  source  strengths  of  Eq.(6).  Rather  we  should  attempt  to  reformulate 
the  problem  in  terms  of  a multipole  source  strength  where  the  cancellation  between  the  component  source 
strengths  will  tend  to  take  care  of  itself. 


For  convenience  we  rewrite  (6)  in  the  form 


p(x,t)  “ p 


r 3y7iyT  Tii(£,,;  " a ) dVV 


4„a02  > r O 

° V J 


(7) 


where  r e x.  - y.j  is  the  distance  from  the  elemental  sources  to  the  observer. 

1 l l 1 

Using  Gauss'  theorem 

t . 3T.  . t 3T. . 

*r“—  - dV  = i ds.  •=  0 (8) 

I 9yi  r SYj  Jr  3yj  l 

S 


as  argued  above. 

Expanding  the  L.H.S.  of  (8)  we  find  therefore 


i 32T_ij_ 


3T.  . 


r »fl»i 


-iL  — (i) 


(9) 


Now  r2  * (x.  - y.)2  and  on  differentiating  with  respect  to  x.  and  y.  in  turn,  we  obtain 


r 377  ■ (xi  " yi) 


thence 


3y; 


-(x.  - y.) 


3r  _ _ ar 
3x.  3y . 


(9a) 
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Hence  (9)  becomes 


3 l _ _ i 3r  _ l 3r  3 ,i.  . /Q  . 

3y.  r r?  3y;  r7  3*-  " Sx.V  by  <9a)' 


3 


r 3y.3y.  dx.  r 3y. 

7i  '}  l 7j 


Hence  re-subscituting  in  (7) 


e(;-c)  - po  ■ z^r  J r ^ dvv 


We  may  now  repeat  this  procedure  for  the  remaining  integral  to  obtain 


p(x,t)  - P - 1 i , 3 f ~ T . ;(y,t  - f-)  dV(y) 

0 4rra0  3x.  3x.  J r lj  “v  ao  % 

x J u 


The  reader  should  not  be  misled  by  the  rather  deceptive  similarity  between  Eqs.  (7)  and  (10).  In  the 
former,  the  equivalent  sources  are  monopoles  of  strength  proportional  to  a second  space  derivative  of 
Tij.  Thus  these  derivatives  must  be  estimated  at  appropraate  retarded  times  before  integration.  In 
(10)  the  source  is  quadrupole  as  indicated  by  the  double  derivative,  but  the  whole  flow  is  now  acoustically 
equivalent  to  a single  quadrupole  of  total  strength  given  by  the  integral  in  (10).  Thus  we  are  now 

attempting  to  scale  a total  source  strength  not  the  strengths  of  various  and  largely  cancelling  individual 
contributors. 

Equation  (10)  gives  the  radiation  field  at  all  distances  from  the  source  region,  however,  we  are 
primarily  concerned  with  the  far  field  radiation.  Thus  we  may  neglect  terms  which  decay  faster  than  1/r: 

In  effect,  the  space  derivatives  need  only  be  applied  to  Tjj , i.e. 

si- 

ar  xi‘yi 

Now  by  (9a)  and  the  derivative  of  T^.  with  respect  to  t - r/a0  is  equal  to  3Tij/3t. 

3 r <xi'yi)  1 3Tii  r 

Thus  _i_  ,Tij(y.t  - - - -V"  k ' =? 

Therefore  the  far  field  radiation  is  given  by, 

. r (x.-y.) (x.-y .)  32T. . 

• p_  - 7 — it  — 1 — — H — J — r-^-Cy.p  ■ dv<y>  (n> 

^ ° 4na_  J r3  3t  ao  ^ 

V 

If  we  now  make  the  further  assumption  that  the  source  region  is  small  compared  with  the  distance  to  the 
observer,  i.e.|x|  >>  |y|  then  (11)  may  be  rewritten 

“V  'V 

x.x.  r 92T 

p(*,t>  * po  ■ — I1  dV(y)  <l2) 

% ° 4na0  r3  * 'v 

V 

This  result  may  be  rewritten  in  a more  physically  meaningful  form  by  combining  the  direction  cosines 
x^xj/r  with  Tij  to  form  a scalar  source  strength.  If  the  viscous  part  of  T£j  is  neglected,  the  source 
strength  oecomes, 

u.x.  u.x.  x.x. 

_L_L  ♦ (p  - a 2 p)  6>#  -LJ. 

r r VF  o °ij  r2 

Now  u.x./r  is  simply  the  resolved  part  of  the  velocity  in  the  direction  of  the  observer,  which  we  denote 
by  ufla&d  6^..x^x^/r2  ■ 1.  Thus  the  quadrupole  source  strength  may  be  written. 


Since  in  the  sound  field  p - p ■ a 2 (p  - p ),  the  far  field  pressure  amplitude  is  given  finally  by, 


( 32T 

• po  ■ j i#  ^ dvw 
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Fig.  7 Effective  source  depth  as  a function  of  Strouhal  number  for  a circular  nozzle 


Anglt  I'O"  dovniDM"  0*J»**» 

Fig.8  Directivity  of  isothermal  jet  noise:  comparison  of  the  theoretical  models  with  J-octave  data,  for  Sm  = 1.0. 

Code:  a,  • Lockheed  Georgia  measurements;  {Dm(0)/Dm(9Oo)}*5  where  Dm  is  the 

modified  doppler  factor  with  Uc  = .67Uj  and  a = 0.3;  — — calculation  from  Reference  7 
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GAS  TURBINE  ENGINE  EXHAUST  NOISE 
by 

Dr  Kenneth  W.  Bushel  I 
Noise  Project  Engineer 
Rolls-Royce  (1971)  Limited,  Derby,  England 


SUMMARY 


This  lecture  aims  to  review  the  sources  of  noise  which  emanate  from  the 
exhaust  of  a gas  turbine  engine.  The  most  important  of  these  are 
considered  to  be  associated  with  the  combustion  system,  the  turbine, 
the  exhaust  system,,  obstructions,  turbulence/noise  interaction  with  the 
jet  structure.  Also  considered  is  the  jet  mixing  noise  due  to  single 
and  coaxial  streams.  Wherever  possible  prediction  methods  lor  these 
sources  are  given  and  reviewed.  Reflections  from  the  ground  are  also 
reviewed  because  of  the  influence  these  can  have  in  the  lower  frequency 
part  of  the  spectrum. 

Finally,  the  effects  of  flight  or  forward  speed  on  these  noise  sources 
is  considered. 


1.  INTRODUCTION 


The  title  given  to  this  lecture  implies  a very  wide  scope  since  any  noise  emanating  from  the  exhaust 
nozzle  of  a gas  turbine  engine  may  be  called  exhaust  noise.  Also  the  noise  created  external  to  the 
nozzles  by  the  gas  stream  which  exhausts  from  the  engine  may  be  similarly  named.  It  is  the  intent 
of  this  lecture  to  discuss  the  sources  of  noise  which,  in  the  published  literature,  have  been 
variously  called,  'excess  noise tailpipe  noise',  'core  noise',  'combustor  noise'  etc.,  that  is, 
ail  sources  which  propagate  rearwards  other  than  that  from  the  fan  or  compressor  which  is  dealt  with 
in  Dr.  Lowrie's  lecture  in  this  series.  These  sources  are  illustrated  in  Fig.i,  which  also  indicates 
their  directivities  in  a simplified  manner. 

Noise  associated  with  the  turbine  is  difficult  to  categorise  because  often  there  is  a fairly  arbi- 
tray  division  between  the  noise  created  by  flow  through  the  turbine  blading  and  that  created  by  the 
interaction  of  upstream  turbulence  or  temperature  fluctuations  with  the  turbine.  Usually  this 
division  is  made  on  a basis  of  frequency,  with  high  frequency  noise  being  called  turbine  noise,  and 
the  low  or  mid  frequency  noise  being  given  any  of  the  aforementioned  alternative  names. 

In  this  lecture  some  aspects  of  turbine  noise  will  be  discussed  as  part  of  the  total  exhaust  noise. 

The  subject  of  turbine  noise  is  however,  rather  iike  fan  noise,  sufficient  for  a separate  lecture 
and  thus  cannot  be  covered  exhaustively  in  the  present  one. 

The  topic  of  jet  noise  will  also  be  covered,  following  on  from  Dr.  Fisher's  lecture  on  fundamental 
aspects  to  discuss  practical  prediction  methods  which  are  currently  widely  employed  in  Industry, 
these  being  largely  of  an  empirical  nature,  for  both  singJe  stream  jets  and  co-flowing  or  coaxial 
streams. 

Also,  because  of  its  importance  to  the  interpretation  of  engine  noise  data  the  influence  of  reflect- 
ions from  the  ground  plane  on  noise  measurements  will  be  briefly  mentioned.  This  topic,  however, 
belongs  more  strictly  to  the  general  topic  of  noise  propagation  and  measurement. 

Since  predictions  of  the  jet  noise  are  used  in  the  diagnosis  of  other  exhaust  noise  sources  these 
are  reviewed  first.  The  known  characteristics  of  the  other  constituents  of  exhaust  noise  are  then 
reviewed  moving  systematically  through  the  engine  from  the  combustion  chamber  to  the  exhaust. 

Finally  the  effect  of  forward  speed,  or  aircraft  flight  on  exhaust  noise  is  discussed. 

2.  JET  MIXING  NOISE 


2 . 1 Single  Streams 

The  fundamentals  of  Jet  mixing  noise  an-1  its  basic  characteristics  have  been  described  by  Dr.  Fisher 
in  the  previous  lecture.  The  major  parameters  controlling  its  generation  are s- 

Vj  the  exhaust  velocity, 

Aj  the  exhaust  nozzle  area, 

Tj  the  exhaust  total  temperature, 

(or p ^ the  exhaust  gas  density), 

together  with  another  Important  factor s- 

r the  measurement  distance. 


The  shape  of  the  nozzle  may  be  important  also,  whether  it  is  round,  rectangular,  or  corrugated  for 
example.  Nozzle  shapes  other  than  round,  i.e.  chuted  or  corrugated  are  usually  employed  as  jet 
noise  suppressors,  thus  only  the  basic  round  conical  nozzle  will  be  considered  here. 

Over  a period  of  many  years,  measured  jet  noise  data  both  for  engines  and  model  nozzles  have  been 
correlated  against  the  above  parameters  and  the  resultant  curves  published,  sometimes  with  sufficient 
detail  to  provide  a complete  jet  noise  prediction  scheme.  See  for  example,  in  date  order  References 
1 to  8. 

The  earlier  prediction  methods  prior  to  about  1970  were  mainly  concerned  with  high  velocity  jets  and 
the  low  velocity  data  was  often  suspect  due  to  contamination  by  sources  of  noise  other  than  jet 
mixing  noise  such  as  combustion  noise  or  engine  internal  noise.  The  recent  upsurge  in  jet  noise 
research  has  overcome  these  problems  and  demonstrated  that  jet  mixing  noise  free  of  contamination 
by  other  sources  can  be  measured  down  to  velocities  as  low  as  300  ft/sec.  (4, 9, 10, l 1 )+.  A liter- 
ature survey  reveals  however  that  this  is  merely  a 'rediscovery'  of  results  obtained  many  years 
previously  (12).  The  more  recent  data  has  the  advantage  however  of  being  more  readily  available, 
more  fully  reported,  and  demonstrably  free  of  contamination  and  of  reflection  effects  due  to  the 
presence  of  the  ground  beneath  the  rig  since  these  data  have  been  obtained  in  anechoic  conditions. 

In  particular,  the  recent  research  has  fully  explored  the  effects  of  temperature  by  carefully 
designed  experiments,  the  results  obtained  by  research  groups  in  Britain,  France  and  the  U.S.A. 
being  in  excellent  agreement  (References  11,  13,  14  15).  Fig. 2 shows  a set  of  data  plotted  as 
overall  sound  pressure  level  (OASPL)  against  velocity  for  a range  of  jet  temperatures  (from 
Reference  11).  This  shows  a progressive  increase  in  noise  with  temperature,  which  becomes  greater 
the  lower  the  velocity.  At  high  velocities  this  trend  is  reversed.  (11,14). 

A simple  form  of  data  correlation  has  been  found  to  collapse  these  effects  of  temperature  using  the 
jet  density  in  the  forms- 


m 


where  is  a function  of  jet  velocity. 

The  data  of  Fig. 2 when  normalised  is  shown  in  Fig. 3.  The  complete  correlation  for  jet  noise  iss 


function  of 
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/vj\ 

is  a function  of  I — I 


+ 10  log. 


+ 20  log. 
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where  Vj , , Aj , are  as  defined  earlier, 

a^  is  ambient  speed  of  sound 

is  atmospheric  density 

Fig. 4 shows  a generalised  chart  with  the  normalised  overall  sound  pressure  level  as  a function  of 

vj 

velocity  and  angle  and  together  with  Fig. 5,  which  gives  the  variation  ofW  with  — , these  are 

o 

sufficient  for  a prediction  of  OASPL  for  a single  stream  jet.  This  prediction  will  be  for  free 
field  conditions  and  for  a loss  free  atmosphere  (i.e.  will  be  devoid  of  any  effects  of  atmospheric 
absorption  etc. ). 

These  two  figures  are  the  latest  available  data  from  the  Society  of  Automotive  Engineers  iSAE)  - 
A21  Jet  Noise  Subcommittee  which  is  an  internationally  based  group  that  has  been  working  since  1972 
(see  Reference  5 and  8)  to  produce  an  Internationally  acceptable  jet  noise  prediction  scheme.  This 
subcommittee  has  representatives  from  almost  all  major  organisations  engaged  in  noise  research 
Including  Boeing,  Douglas,  General  Electric,  Lockheed,  NASA,  NGTE,  Pratt  and  Whitney,  and  Rolls-Royce, 
who  have  contributed  basic  data  from  their  research  programmes,  much  of  which  is  as  yet  unpublished 
but  undoubtedly  represents  the  best  data  available  at  this  time. 

Fig. 6 shows  an  example  of  the  level  of  agreement  obtained  by  compiling  data  from  such  a wide  range 
of  organisations.  It  is  not  exhaustive  but  gives  an  appreciation  of  the  scatter  which  is 
experienced  even  with  'good'  facilities  and  measurement  techniques.  It  will  be  noted  that  the 
'scatter 'of  data  collected  from  many  different  rigs  is  greater  than  that  from  each  individual  rig 
(reference  Fig. 3). 

The  spectrum  shape  is  more  difficult  to  predict  because  simple  correlations  based  upon  Strouhal 
fDj 

number  — — , (D  * nozzle  dla:.«ter)  are  not  sufficient  to  collapse  the  measured  spectra  at  all 
J J 

angles  and  temperatures.  Fig. 7 shows  the  effect  of  temperature  on  spectral  collapse  and  Fig. 8 
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shows  the  change  in  spectrum  shape  with  angle  for  a constant  temperature.  Full  spectral  data  for 
prediction  purposes  is  given  in  Ref. 8.  Improvements  in  the  quality  of  the  data  correlation  and 
hence  accuracy  of  prediction  are  continuing  and  the  work  of  the  SAE  committee  will  be  published  as 
SAE  Aerospace  Recormended  Practice  (ARP)  876  and  updated  as  necessary. 

Recently,  concerted  efforts  have  been  made  by  NASA  to  produce  prediction  methods  for  each  engine 
component  (16,17).  The  work  Is  coordinated  by  the  Office  of  Aircraft  Noise  Prediction,  which  is 
contracted  to  ANOP  - Hence  reference  to  the  ANOP  method  is  common.  The  method  for  jet  mixing  noise 
has  been  published  (7).  Although  presented  in  a different  way,  the  OASPL's  obtained  from  this 
method  are  not  significantly  different  from  those  given  by  the  SAE  proposed  method,  and  in  fact  the 
ANOP  method  uses  a very  similar  scheme  for  temperature  normalisation.  This  method  was  also  reviewed 
in  the  previous  AGARD  lecture  given  in  1975  by  John  Tyler  (18). 

2.2  Coaxial  Streams 


Many  modern  engines  have  relatively  high  bypass  ratios  with  the  fan  jet  and  the  turbine  or  core  jet 
exhausting  through  separate  coaxial  nozzles.  Various  configurations  exist  which  are  often  referred 
to  as  short,  medium,  or  long  cowl  engines  (Fig. 9).  The  axial  position  of  the  two  exhaust  nozzles 
might  be  thought  to  assert  a primary  influence  on  the  noise  from  the  total  jet  system  but  experimental 
data  from  models  shows  this  to  be  only  a secondary  effect.  The  primary  variables  are  found  to  be:- 


Area  Ratio,  (AR) 

Velocity  Ratio,  (VR) 


Area  ol  bypass  nozzle- 
Area  of  core  nozzle 

Velocity  ol  bypass  jet 
Velocity  of  core  jet 


The  coaxial  effect  is  also  a strong  function  of  frequency. 


Fig- 10  illustrates  the  effect  of  velocity  ratio  and  area  ratio  on  the  OASPL,  and  Fig. 11  shows  the 
effect  of  velocity  ratio  on  the  spectrum  shape  at  a fixed  area  ratio.  These  results  are  taken  from 
the  work  of  Cocking  at  NGTE  (19)  which  constitutes  the  most  thorough  investigation  of  coaxial  jet 
noise  yet  published.  One  important  feature  of  this  research  is  that  in  addition  to  cold  flows, 
core  temperatures  representative  of  those  in  engines  were  also  used.  Although  the  qualitative 
characteristics  of  the  noise  of  coaxial  streams  with  a cold  core  are  similar  to  those  for  a hot  core, 
the  absolute  magnitude  of  the  effects  are  temperature  dependent,  although  no  systematic  variation 
with  temperature  has  yet  been  determined.  For  practical  predictions,  a representative  core  stream 
temperature  of  700  K is  used.  The  effect  of  temperature  is  discussed  by  Cocking  in  Reference  19 
and  further  cold  data  has  been  published  in  References  13,  20  and  21. 

The  other  variable  important  in  jet  noise  is  the  angle,  of  noise  radiation  or  the  'directivity'. 

The  noise  directivity  of  coaxial  jets  follows  the  basic  directivity  of  the  core  jet  alone,  the 
coaxial  effect  varies  only  slightly  with  angle,  the  main  variation  occurring  very  close  to  the  jet 
axis  (19). 


The  proposed  SAE  coaxial  jet  method  based  upon  the  NGTE  data  is  presently  under  review  by  Jet  Noise 
Subcommittee  (8)  and  will  be  published  as  part  of  ARP  876  after  comparison  with  other  data  available 
to  that  subcommittee.  NASA  have  also  published  a method  (7)  but  this  is  based  on  data  with  a cold 
core  flow  and  is  not  considered  as  representative  as  that  based  on  the  NGTE  data. 


2 . 3 Shock  Cell  Noise 


The  other  component  of  jet  noise  is  that  experienced  at  supersonic  exhaust  velocities  when  shock 
waves  are  present  in  the  exhaust.  The  mechanism  of  this  source  is  well  understood  and  is  described 

in  the  previous  lecture  by  Dr.  Fisher  - A numerical  prediction  procedure  has  been  developed  from 
the  work  of  Dr.  Fisher  and  Harper- Bourne  (22)  and  is  currently  under  review  by  the  SAE  Jet  Noise 
subcommittee  (8). 

3.  GROUND  REFLECTION  EFFECTS 


These  have  been  extensively  covered  in  the  literature  (23,24)  and  thus  are  reviewed  very  briefly. 
A typical  geometric  set  up  for  a full  scale  engine  test  is  shown  in  Fig. 12.  This  shows  two  ray 
paths  from  source  to  receiver,  the  path  length  difference  being  A r.  For  wave  cancellation  this 
path  difference  is  related  to  the  wavelength  of  the  sound  by 


Ar 


nX 

2 


where  n 


1,  3,  5,  7 etc. 


For  value  of  n of  2,4,6  etc.  the  signals  are  in  phase  and  augment. 


The  effects  on  engine  measurements  are  large  as  illustrated  in  Fig. 13. 


The  as  measured  noise  shows  large  peaks  at  around  200  Hz  and  1000  Hz  which  could  be  interpreted  as 
two  separate  sources,  which  clearly  is  incorrect  as  seen  when  the  true  free  field  is  obtained. 
Fig.13  in  fact  shows  a small  over  correction  at  the  two  cancellation  frequencies  due  to  the 
application  of  the  theoretical  correction. 


Fig. 14  shows  a normalised  correction  spectrum  showing  the  theoretical  correction 
over  a perfectly  reflecting  surface  compared  to  free  field  and  that  obtained  for 
source  size  to  height  ratio  D/hm  of  0.2,  0.3,  0.4  where  l)  is  the  nozzle  diameter 
height  of  the  engine  above  the  ground. 


for  a point  source 
a real  engine 
and  hm  is  the 
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ENGINE  EXHAUST  NOISE 

Examples  of  measured  total  engine  exhaust  nol  . lor  a low  bypass  ratio  engine  (the  Spey  512)  are 
given  In  Fig. 15  at  a relatively  high  thrust  setting  and  In  Fig. lb  at  a very  low  approach  thrust 
setting.  At  the  high  power  good  agreement  with  the  |«t  prediction  i tho  n,  i h r>  .>  it  Low  ] «l 
there  Is  considerable  excess  of  measured  noise  above  the  jet  prediction  based  on  clean  model  rig 
data  (8),  which  originally  led  to  the  term  ‘excess1  noise. 

A narrow  band  analysis  reveals  further  details  of  the  character  of  this  noise.  Fig. 17  show-  the 
existence  of  compressor  discrete  tones,  turbine  discrete  lories  whose  origin  Is  known  together  with 
considerable  amounts  of  broad  band  noise  whose  origin  cannot  immediately  be  determined. 

Experiments  have  been  conducted  with  extensive  acoustic  treatment  In  the  tailpipe  of  this  engine. 

Figs. 16  and  17  shows  that  considerable  reduction  of  the  far  field  noise  Is  obtained,  the  most 
likely  reason  being  that  the  additional  noise  originates  from  ithln  the  engine  and  the  acoustic 
liner  attenuates  this  during  its  propagation  through  the  tailpipe. 

There  are  other  possible  explanations  but  this  experiment  clearly  Indicates  that  the  additional 
noise  mechanisms  originate  within  the  engine  and  can  be  affected  by  internal  modifications  to  the 
engine . 

An  example  of  the  exhaust  noise  from  a high  bypass  ratio  engine  at  approach  power  is  shown  in  Fig. 19. 
Here  the  additional  mid  frequency  noise  has  a distinctive  peaked  character  centred  on  400  Hz.  The 
effect  of  changing  the  core  nozzle  size  Is  shown  in  Fig. 18.  With  increasing  nozzle  size  and  reducing 
jet  velocity  the  very  low  frequency  part  of  the  spectrum  reduces  but  the  mid  frequency  peak  remains 
constant,  indicating  its  lack  of  dependence  on  jet  velocity.  Experiments  with  tailpipe  Liners  has 
shown  that  this  peak  may  be  virtually  eliminated  by  such  liners,  again  indicating  the  existence  of 
internal  sources. 

Other  examples  are  appearing  in  the  Literature  showing  that  similar  effects  have  been  observed  on  a 
wide  range  of  engine  types  and  manufacture  (see  references  4,  5,  25,  26,  27,  28). 

The  causes  of  this  additional  noise  may  be  many  and  to  date  no  single  cause  has  been  determined. 
Research  on  full  scale  engines  and  component  rigs  has  however  identified  a wide  range  of  possible 
contributing  sources  (see  Fig.L9).  The  major  ones  to  be  discussed  here,  proceeding  through  the 
engine  are 

1.  Combustion  noise. 

2.  Interaction  of  combustion  products  with  the  turbine. 

3.  Turbine  noise. 

4.  Interaction  of  turbine  exhaust  flow  with  struts  and  obstructions. 

5.  Interaction  of  upstream  noise  and  unsteady  flow  with  the  nozzle  and  the  jet  structure. 

The  problem  facing  the  engine  manufacturer  is  to  be  able  to  identify  which  particular  mechanisms 
are  responsible  for  the  major  noise  nuisance  in  his  particular  engine. 

This  becomes  particularly  important  in  estimating  the  noise  of  project  engines  which  exist  only  as 
drawings  and/or  performance  modeLs. 

The  advances  in  engine  noise  reduction  brought  about  by  the  reduction  in  jet  noise  in  going  to  high 
bypass  ratio  and  by  the  use  of  extensive  acoustic  linings  to  attenuate  fan  noise  has  revealed  these 
exhaust  noise  sources  as  a potential  block  on  any  further  noise  reduction.  As  a result,  major 
research  programmes  are  underway  in  many  prominent  establishments  and  aerospace  companies,  and  new 
reports  and  papers  on  this  topic  are  continuously  appearing  in  the  Literature.  Thus,  this  Lecture 
has  to  be  a state  of  the  art  review  rather  than  a presentation  of  fixed  and  well  tried  technology, 
but  it  is  hoped,  it  will  give  a good  foundation  on  which  the  serious  researcher  may  build. 

Combustion  Noise 

It  has  Long  been  felt  that  because  of  the  enormous  heat  release  that  occurs  in  a gas  turbine  com- 
bustion chamber,  and  because  it  is  designed  to  be  a turbulent  process  with  recirculation  and  violent 
mixing  processes  that  it  is  an  inherently  noisy  process  and  couLd,  indeed  perhaps  should,  be  one  of 
the  major  noise  producers  in  an  engine.  At  the  time  of  writing,  it  is  the  author’s  opinion  that 
there  has  as  yet  been  no  Indisputable  demonstration  that  broadband  noise  produced  in  the  combustion 
system  contributes  directly  to  the  far  field  exhaust  noise.  The  qualification  of  'broadband*  noise 
is  used  because  there  are  a considerable  number  of  Instances  where  discrete  frequency  noises 
(combustor  'howl'  or  'rumble*)  heard  in  the  far  field  can  be  traced  to  combustor  instabilities  and 
can  often  be  cured  by  small  changes  to  the  combustor  geometry.  These  are  generally  ol  very  low 
frequency  and  manage  to  propagate  through  the  turbine  and  nozzle  with  little  difficulty. 

There  is  ample  evidence  that  a combustion  system  operating  in  isolation  from  the  turbine  creates 
high  noise  Levels.  Fig. 20  shows  an  example  of  a full  scale  annular  combustor  tested  by  the  General 
Electric  Co.  (29  and  30).  A Large  diffuser  or  horn  is  used  downstream  of  the  combustor  to  reduce 

Jet  exhaust  velocity  and  to  Improve  the  impedance  match  for  the  sound  propagation.  (Actually  tests 
conducted  with  and  without  the  horn  do  not  show  any  consistent  effect).  The  noise  resulting  from 
this  is  shown  in  Fig. 21  for  cold  and  hot  flow.  Without  detailed  data  on  the  jet  flow  it  is 
difficult  to  decide  how  much  combustion  noise  and  how  much  jet  noise  is  present.  However  in  an 
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associated  experiment  a 12"  deep  resonator  suppressor  was  added  downstream  of  the  combustor.  This 
gave  considerable  reductions  in  noise  over  a wide  frequency  range  as  shown  in  Fig. 22  indicating  that 
there  is  considerable  direct  noise  from  the  chamber,  in  a frequency  range  which  can  easily  be  confused 
with  jet  noise  in  the  complete  engine. 

Fig. 23  shows  a further  example  from  a recent  paper  from  The  Boeing  Company  (31)  which  shows  very 
similar  resul.s  irom  a single  combustion  chamber  in  a pipe.  Here  also,  deep  acoustic  liners  were 
tested  and  these  again  show  noise  reduction  over  a wide  frequency  range. 

At  Rolls-Royce,  research  on  combustor  and  combustor- turbine  interaction  is  being  carried  out  using 
the  components  of  a Viper  turbojet  engine.  The  rig  is  illustrated  in  Fig. 24  showing  builds  of  the 
annular  chamber  both  with  and  without  the  turbine. 

The  results  for  the  combustor  alone  are  shown  in  Fig. 25.  A prediction  is  shown  for  the  jet  noise 
created  by  the  exhaust  flow  (using  methods  described  in  Section  2.1  above)  indicating  the  additional 
noise  contributed  by  the  combustor.  A discrete  frequency  source  is  indicated  in  this  result  in 
addition  to  the  broadband  noise,  an  example  of  combustor  'howl*  referred  to  above.  As  the  temperature 
is  increased  large  increases  in  low  frequency  noise  occur  but  the  high  frequency  actually  reduces. 

This  experiment  was  performed  at  a constant  corrected  mass  flow  M T thus  as  T increases,  the  absolute 

F 

mass  flow  (M)  reduces.  It  has  been  deduced  irom  this  behaviour  observed  over  a wide  range  of  tests 
that  the  high  frequency  noise  is  caused  by  the  presence  of  the  combustion  chamber  as  a turbulence 
producer  and  is  a function  of  the  mass  flow  or  velocity  through  iL.  It  has  been  reported  (39)  that 
similar  results  have  been  observed  in  other  noise  experiments  involving  isolated  combustion  chambers. 

The  noise  made  by  running  the  Viper  combustor  and  turbine  together  is  given  in  Fig. 26.  Although  not 
shown  here  the  effect  of  increasing  the  temperature  was  to  increase  the  low  frequency  noise  as 
observed  with  the  combustor  running  alone.  A comparison  between  the  two  sets  of  data  is  given  in 
Fig. 26  at  the  same  corrected  mass  flow  and  combustor  temperature  rise.  It  is  seen  that  the  low 
frequency  noise  agrees  well  and  might  indicate  that  in  the.  complete  engine  the  low  frequency  is  due 
directly  to  the  combustion  noise.  It  should  be  mentioned  that  no  correction  has  been  applied  for 
the  increased  pressure  in  the  combustor  when  running  with  the  turbine,  nor  for  attenuation  of  noise 
through  the  turbine.  These  effects  are  difficult  to  estimate  but  occur  in  opposite  sense  and  may 
cancel  each  other  to  a large  extent.  The  high  frequency  noise  is  attributable  to  the  turbine,  but 
there  remains  a large  region  of  mid  frequency  noise  whose  source  cannot  immediately  be  identified. 
Possibilities  for  this  are  combustor- turbine  interaction  noise,  or  noise  generated  in  the  tailpipe 
by  flow  interaction  with  the  exhaust  strut. 

The  directivity  of  combustion  noise  is  very  similar  to  that  of  jet  noise,  peaking  close  to  the  jet 
axis  (29,  30,  31). 

The  theory  of  combustion  noise  is  still  at  an  early  stage  although  considerable  effort  has  recently 
been  carried  out  on  the  noise  mechanisms  due  to  laminar  and  turbulent  premixed  flames  and  to 
diffusion  flames.  The  theory  is  not  yet  sufficiently  well  developed  to  be  of  immediate  use  to  the 
gas  turbine  noise  engineer  since  in  general  a detailed  knowledge  of  the  turbulent  flow  field  is 
required  to  expedite  the  calculation  and  for  real  combustors  this  is  not  usually  known.  Thus  the 
main  outcome  of  the  theoretical  treatment  is  in  the  form  of  scaling  laws. 

A multitude  of  scaling  laws  may  be  found  in  the  literature  for  simple  flames,  complete  combustors, 
and  for  total  exhaust  noise  on  the  assumption  that  this  is  entirely  due  to  the  combustor.  The 
various  theories  and  resultant  scaling  laws  have  been  reviewed  in  recent  papers  (32,  33,  34). 

It  is  sufficient  to  state  here  that,  so  far,  no  single  theoretical  or  empirical  function  has  been 
determined  which  draws  together  the  results  of  combustors  operating  alone  and  within  engines  in  a 
satisfactory  manner.  The  most  important  requirement  is  an  exhaust  noise  correlation  and  prediction 
scheme  for  the  complete  engine  and  a tentative  procedure  will  be  given  later  (Section  5). 

4.2  Combustor  - Turbine  Interaction  Noise 


l 


This  source  is  now  often  referred  to  as  'indirect*  combustion  noise  and  arises  from  the  propagation 
of  temperature  fluctuations  from  the  combustion  chamber  through  the  turbine  static  and  rotating 
blade  rows.  The  interactions  of  these  temperature  fluctuations,  which  are  convected  by  the  flow, 
with  the  large  pressure  and  velocity  changes  which  occur  in  the  turbine  give  rise  to  pressure  waves 
which  are  transmitted  through  the  exhaust  system  and  radiate  as  noise.  The  theoretical  model  for 

this  mechanism  has  been  developed  and  published  by  Cumpsty  and  Marble  (35,  36).  . 

Pickett  has  also  published  a similar  theory  for  the  mechanism  (37,  38).  The  main  difference 
between  the  two  methods  is  that  the  Cumpsty  and  Marble  method  allows  for  the  detailed  effects  of 
wave  reflection  and  transmission  through  each  blade  row,  whereas  that  of  Pickett  ignores  anv 
interaction  and  for  a multi-row  machine  simply  sums  the  individual  contributions  from  each  row. 

The  formulation  of  both  methods  is  such  that  the  effects  of  fluctuations  in  velocity  and  pressure 
can  also  be  dealt  with,  indeed  in  the  case  of  the  method  of  Cumpsty  and  Marble,  this  becomes 
necessary  when  more  than  one  stage  is  considered  because  each  blade  row  produces  pressure  and 
vortlclty  waves  which  in  turn  are  affected  by  the  other  rows. 

In  order  to  calculate  the  acoustic  power  and  spectrum  output  from  an  engine  the  input  temperature 
fluctuation  amplitude  and  ipectrum  are  required.  Pickett  gives  such  information  measured  in  a 
JT3D  engine  which  indicates  that  values  of  the  standard  deviation  of  the  temperature  fluctuations 
expressed  as  a proportion  of  absolute  temperature  (CT/T)  around  0.01  to  0.02  appear  typical. 

However,  these  measured  results  appear  to  be  open  to  interpretation,  particularly  in  respect  ot  the 
spectrum  shape  of  the  temperature  fluctuation. 
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Cumpsty  In  Reference  36  shows  calculations  of  acoustic  power  for  a number  of  engines  and  compares 
them  with  the  measured  total  exhaust  noise.  The  two  examples  for  Dm-  Spey  and  JT8D  shown  in 
Fig. 27  ana  28  indicate  that  the  calculated  results  give  reasonable  agreement  with  the  level  and  the 
trend  of  excess  exhaust  noise  with  engine  condition,  in  this  case  Indicated  by  the  jet  velocity. 

Pickett  in  Reference  38  shows  a similar  calculation  for  the  JT3D  with,  if  anything,  rather  less 
acceptable  agreement  although  the  trend  with  engine  power  condition  is  again  well  established. 

Although  the  acoust  ic  spectrum  can,  to  a certain  extent  be  ‘manipulated  * , the  response  of  the  turbine 
appears  to  be  a maximum  around  a frequency  of  about  400  Hz  which  is  close  to  the  peak  frequency 
commonly  associated  with  the  exhaust  or  core  noise.  Fig. 29  taken  from  Reference  38  shows  the 
predicted  spectrum  shape  compared  with  measured  data.  In  this  comparison  the  absolute  Level  of 
the  prediction  has  been  .idjusted  for  a 'best  fit*. 

There  are  clear  indications  from  these  anaLyses  that  this  'indirect'  combustion  mechanism  has  many 
of  the  characteristics  required  to  explain  a significant  proportion  of  the  exhaust  noise.  No  doubt 
future  noise  experimentation  will  address  the  problem  of  resolving  the  contribution  from  thi  source 
as  distinct  from  direct  combustor  noise.  However,  since  the  direct  combustor  noise  will  be  modified 
by  its  passage  through  the  turbine,  it  may  prove  impossible  to  separate  the  two  mechanisms  completely 
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4.3  Turbine  Noise 


Although  the  existence  of  turbine  noise  in  the  total  engine  noise  signature  was  identified  some 
considerable  time  ago  (39),  very  little  information  has  been  published  on  the  subject,  mainly  due  to 
the  available  data  being  considered  proprietary  to  each  engine  manufacturer.  More  recently  some 
review  papers  and  research  results  have  been  published  as  a result  of  the  importance  cf  the  source 
becoming  more  widely  recognised  and  reflecting  the  additional  research  activity  in  this  field  which 
has  resulted  (25,  26,  28,  30,  40,  41,  42). 

Some  of  the  essential  features  of  turbine  noise  are  indicated  in  the  engine  measurer  ent  on  a Conway 
engine  shown  in  Fig. 30.  These  are  the  presence  of  discrete  tones  originating  from  each  rotating 
blade  row,  sum  and  difference  frequency  tones  and  broadband  noise.  The  sum  and  difference  tones 
appear  with  multi-stage  turbines  producing  tones  at  frequencies  equal  to  n^f^  + ^f  , + nx*x  w*iere 

f^  to  f^  are  the  fundamental  frequencies  of  the  individual  stages  and  n^  to  n^  are  integers 

where  n = l is  the  fundamental.  Also  shown  on  this  figure  is  the  'haystacking'  of  tones  which  is 
a broadening  of  the  base  of  a tone  due  primarily  to  propagation  of  that  tone  through  the  turbulent 
exhaust  jet. 

Taking  these  features  in  turn  and  looking  first  at  discrete  tone  noise,  the  mechanism  of  this  source 
is  reasonably  well  understood.  It  may  arise  from  interaction  with  upstream  turbulent  flow,  in 
which  case  it  is  usually  referred  to  as  a 'distortion'  tone  and  is  generated  just  as  in  the  case  of 
a fan  (see  Dr.  Lowrie's  lecture  in  the  series  for  further  detaiLs).  The  major  source  of  tone  noise 
in  a turbine  is  due  however  to  the  interaction  of  stator  wakes  with  the  rotor,  or  rotor  wakes  with  a 
downstream  stator  hence  the  name  'interaction'  tones.  Since  rotor  - stator  axial  gaps  tend  to  be 
small  (typically  0.4  of  the  blade  chord  or  less)  this  source  usually  dominates  and  in  some  instances 
can  be  the  dominant  source  in  the  total  engine.  Increasing  rotor-stator  gaps  is  a simple  way  of 
reducing  tone  noise  but  leads  to  long  engines.  An  alternative  approach  as  in  the  case  of  fans  is 
to  employ  the  correct  ratio  of  stators  to  rotors  to  obtain  acoustic  'cut-off'  of  the  interaction 
tone.  This  again  is  described  by  Dr.  Lowrie  in  connection  with  fans.  The  general  theory  of  tone 
propagation  and  cut  off  is  dealt  with  in  detail  by  Tyler  and  Sofrin  (43). 

For  rotor-stator  spacing,  various  rules  have  been  obtained  by  experiment  and  the  change  of  tone  noise 
with  spacing  tends  to  be  within  the  range  10  log  (g/c)  to  20  log  (g/Q)  where  g is  the  axial  gap 

and  c is  the  upstream  chord,  i.e.  a change  of  3 to  6 dB  for  each  doubLing  of  the  gap/chord  ratio 
(39,  41). 

The  Spectral  broadening  of  the  tones  referred  to  as  'haystacking ' is  a very  interesting  phenomenon 
and  has  attracted  considerable  attention  (26,  28,  30,  40,  41,  42,  44).  Fig. 31  illustrates  some  of 
the  variations  which  have  been  observed.  Clearly  this  variability  makes  the  determination  of  tone 
level  rather  difficult  because  it  is  no  longer  clear  how  much  oi  the  broadband  energy  to  integrate 
into  a representative  tone  level.  The  effect  has  been  shown  to  be  related  to  a number  of  things, 
for  example  the  outlet  swirl  angle  of  the  turbine  which  in  turn  was  related  to  high  levels  of  low 
frequency  exhaust  noise  most  probably  caused  by  separation  of  the  flow  around  the  outlet  struts 
(4,  40).  The  broadening  has  also  been  shown,  in  other  experiments  to  be  caused  by  propagation 
through  the  turbulent  jet  exhaust  flow  into  the  far  field.  In  particular  in  a high  bypass  ratio 
engine,  the  effect  is  influenced  markedly  by  the  relative  positions  of  the  bypass  and  core  jet 
nozzles  (41,  42)  as  shown  in  Fig. 32. 

Another  Interesting  feature  of  this  haystacking  is  illustrated  in  Fig. 33.  This  is  an  asymmetric 
skewing  of  the  tone  with  angle  of  the  measurement,  the  sideband  peak  changing  from  one  side  of  t 
blade  passing  frequency  tone  to  the  other.  Similar  effects  have  been  observed  in  experiments  where 
a discrete  tone  from  a loudspeaker  has  been  radiated  through  a nozzle  shear  layer  (28,  44). 

Turbine  broadband  noise  is  less  well  understood  and  is  often  difficult  to  identify  precisely  due  to 
the  presence  of  a multitude  of  discrete  tones,  particularly  when  these  tones  are  'haystacked ' . It 
is  generally  considered  to  be  of  a high  frequency,  which  may  be  demonstrated  by  cold  flow  model 
data  (39)  but  when  installed  in  the  complete  engine  in  the  presence  of  other  broadband  sources,  say 
from  the  combustor,  it  is  extremely  difficult  to  separate  out  precisely  the  broadband  noise  due  only 
to  the  turbine.  There  is  however  no  doubt  that  high  frequency  broadband  noise  sources  from  the 
turbine  do  exist,  although  Lhe  latest  available  review  papers  on  turbine  noise  (41,  42)  do  not 
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consider  this  source  in  its  own  right  and  tend  to  leave  the  impression  that  the  only  high  frequency 
broadband  turbine  source  is  the 'haystack 'around  the  tone.  The  effects  of  core  engine  acoustic  liners 
tested  in  a high  bypass  ratio  engine  have  indicated  the  presence  of  significant  high  frequency  broad- 
band as  well  as  tone  noise.  As  with  fans,  it  is  thought  that  the  main  broadband  sources  are  due  to 
the  regions  of  high  aero-dynamic  loss  in  the  blading.  Other  sources  may  be  due  to  the  interaction 
with  upstream  turbulence,  either  from  the  combustor  or  from  the  wakes  of  other  blade  or  vane  rows. 

The  prediction  of  turbine  noise  is  not  well  developed,  and  it  is  not  possible  to  give  here  an  up  to 
date  method  which  is  considered  satisfactory.  Methods  involving  varying  amounts  of  finesse  or 
complication  have  been  published  (10,  39,  41)  but  as  mentioned  earlier,  since  turbine  noise  data  is 
often  considered  proprietary,  the  latest  most  definitive  prediction  techniques  developed  by  the 
industry  are  not  yet  published.  A comparison  and  critique  of  the  existing  methods  is  given  in 
Reference  42. 

4.4  Strut  and  Obstruction  Noise 


Most  engine  exhaust  systems  have  a system  of  struts  which  support  the  final  shaft  bearing  and  centre 
core  or  bullet.  Sometimes  these  struts  are  also  designed  to  remove  residual  swirl  from  the  turbine 
exhaust  flow.  In  general  they  are  designed  for  minimum  aerodynamic  loss  and  low  incidence  at  the 

engine  design  condition.  At  low  power  conditions,  the  flow  incidence  can  be  significantly  different, 
possibly  enough  to  cause  flow  separation  around  the  struts.  There  is  evidence  to  show  that  if 
separation  does  occur,  very  large  increases  in  noise  can  result.  An  example  of  this  for  the  model 
turbine  shown  in  Fig. 34  was  published  in  Reference  4 and  the  experimental  results  are  shown  in 
Fig. 35.  The  changes  in  noise  in  this  instance  could  be  related  to  the  flow  incidence  angle  onto 
the  strut  (Fig. 36). 

Bryce  and  Stevens  (45)  have  published  the  results  of  a very  thorough  investigation  of  strut  noise 
in  a cold  model  of  a turbojet  exhaust  system.  Their  model  is  illustrated  in  Fig. 37  and  typical 
results  are  given  in  Fig. 38  showing  the  effect  of  increasing  the  swirl  angle  at  fixed  values  of  the 
exhaust  jet  velocity.  The  datum  jet  line  on  this  figure  is  the  noise  of  the  model  completely  empty 
of  centrebody,  struts  etc.  In  the  test  series  it  was  also  established  that  neither  the  swirler 
vanes,  nor  the  centrebody  were  in  themselves  significant  noise  producers,  leaving  the  struts  and 
possibly  nozzle  based  sources  as  the  primary  sources.  Also  the  use  of  acoustic  liners  in  the  jet 
pipe  confirmed  that  the  noise  above  1.25  kHz  was  internally  generated,  and  correlation  techniques 
produced  evidence  which  strongly  indicated  that  the  noise  at  frequencies  below  1.25  kHz  was  also 
generated  internally.  Bryce  and  Stevens  concluded  that  the  distinct  change  of  spectrum  shape  at 
around  1.25  kHz  was  due  to  duct  propagation  and  cut  off  effects.  They  found  they  could  correlate 
the  noise  of  the  strut  system  against  strut  velocity  and  inlet  swirl  angle.  Both  inlet  and  outlet 

strut  velocities  were  tried,  the  outlet  being  considered  the  most  suitable.  The  correlations  are 

shown  in  Figs. 39  and  40. 

Thus,  in  certain  circumstances  it  seems  clear  the  exnaust  struts  in  an  engine  could  be  powerful 
noise  generators  although  so  far  as  the  author  is  aware,  they  have  not  been  positively  identified 
as  the  major  exhaust  noise  source  in  any  current  engines. 

The  work  published  so  far  specifically  on  a cascade  of  struts  has  not  involved  systematically  varying 
the  upstream  turbulence.  This  is  primarily  because  such  experiments  are  difficult  fo  conduct,  most 
systems  which  generate  turbuLence  also  generate  noise  and  thus  it  becomes  difficult  to  separate  the 
effects.  Attempts  have  been  made  using  single  obstructions  in  a pipe  with  and  without  turbulent 
inflow  (46)  which  showed  that  the  noise  of  the  obstruction  alone  was  generally  the  most  dominant 
source,  the  effect  of  additional  upstream  turbulence  (created  in  this  experiment  by  auxiliary  jets) 
made  little  difference  (Fig.4L)  if  anything,  the  noise  tended  to  reduce,  probably  because  the 
turbulence  destroyed  the  regular  vortex  shedding.  Fig. 41  clearly  shows  a reduction  in  the  discrete 

frequencies.  Results  of  further  experiments  on  obstruction  noise  may  be  found  in  References  30, 

46,  47,  48,  49. 

There  are  usually  no  major  obstructions  in  an  engine  exhaust  unit  other  than  the  tailbearing  struts, 
although  notable  exceptions  do  • xist  such  as  reheat  flame  stabilising  gutters  in  supersonic  turbo- 
jet engines.  Also,  from  time  to  time,  instrumentation  rakes  are  mounted  in  the  jet  pipe  and  these 
have  been  known  to  create  high  noise  levels.  There  are  frequently  obstructions  in  the  form  of  aero- 

foil shaped  support  struts  or  service  ducts  in  the  bypass  ducts  of  some  engines.  As  a result, 
additional  noise  sources  may  be  created,  which  can  lead  if  not  to  a conmunlty  noise  problem,  can 
certainly  invalidate  the  results  of  definitive  or  diagnostic  noise  tests  if  not  located  and 
suppressed. 

4. 5 hxii  iu  l-  lurbuK  iio-  and  Nozzle  Based  Sources 


The  possibility  of  the  existence  of  strong  nozzle  based  sources  resulting  from  unsteady  flow  exhaust- 
ing from  a jet  engine  has  been  recognised  for  a long  time  (50).  The  simple  approach  to  this  is  to 
postulate  the  existence  of  monopole  sources  due  to  unsteady  mass  discharge  from  the  nozzle,  and 
dipole  sources  resulting  from  the  unsteady  forces  exerted  on  the  walls  of  the  nozzle.  These  sources 
are  often  referred  to  as  'lip  noise*.  The  problem  really  arises  in  trying  to  distinguish  these 
sources  from  those  which  are  generated  upstream  of  ihe  nozzle  and  radiate  from  the  nozzle  exit,  since 
these  too  can  be  represented  theoretically  by  a combination  of  monopoles  and  dipoles  placed  at  the 
nozzle  exit.  A number  of  experiments  have  been  conducted  with  the  object  of  identifying  these 
sources  but  it  has  not  yet  proved  possible  to  be  certain  that  the  process  used  to  generate  the 
turbulence  is  not  the  source  of  noise  created  rather  than  any  additional  mechanism  caused  by  the 
resultant  turbulence  interacting  with  the  nozzle  (26,  46). 

There  is  no  shortage  of  theoretical  studies  which  describe  a wide  range  of  possible  mechanisms  of 
exhaust  noise  which  involve  the  transmission  of  turbulent  flow  through  the  nozzle  and  Interaction 
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with  the  jet  (50,  51,  52,  53).  Further  definitive  experimentation  is  necessary  to  demonstrate  the 
unambiguous  existence  of  these  nozzle  based  sources. 

Recent  experimentation  has,  however,  revealed  another  extremely  interesting  and  important  mechanism 
involving  the  interaction  of  upstream  noise  and  the  jet  structure.  These  experiments  (27,  54,  55, 
5b),  show  that  when  a discrete  frequency  noise  is  introduced  upstream  of  a nozzle  operating  at  sub- 
sonic jet  velocities,  the  jet  noise  may  be  amplified  by  up  to  6dB  over  a wide  frequency  range  and  at 
all  angles  (55).  In  other  words,  the  whole  jet  noise  radiation  is  increased.  In  the  initial 
experiments  using  plane  wave  excitation  the  amplitudes  needed  were  high,  completely  dominating  the 
radiated  far  field,  and  unrepresentative  of  real  engine  situations.  However,  later  experiments 
using  higher  order  modes  which  are  still  below  the  pipe  cut-off  have  shown  that  considerable  ampli- 
fication can  be  obtained  with  discrete  tone  excitations  which,  in  terms  of  the  far  field  level,  are 
more  typical  of  real  engines  as  shown  in  Fig. 42,  which  is  taken  from  Reference  55.  Independent  work 
at  Rolls-Royce  (5b)  has  confirmed  these  results  as  indicated  by  the  result  shown  in  Fig. 43.  Pre- 
liminary experiments  also  indicate  that  these  amplification  effects  may  be  obtained  with  broadband 
excitation  or  turbulence  although  with  broadband  sources  it  is  clearly  much  more  difficult  to  be 
sure  of  distinguishing  the  individual  effects.  The  important  result  from  these  experiments  is  that 
the  whole  jet  noise  radiation  is  amplified,  there  being  no  particular  spectral  or  radiation  character- 
istics which  enable  the  .unplified  source  to  be  distinguished  from  the  unamplified  source.  This 
could  explain  why  considerable  noise  variations  have  been  obtained  from  model  jet  rigs  which  are 
nominally  free  of  upstream  noise  or  other  disturbances.  It  could  also  constitute  a major  source  of 
•excess'  exhaust  noise,  which  is  of  course  intimately  associated  with  the  other  sources  present  such 
as  fan,  turbine  and  combustion  noise. 

Clearly  these  recent  experiments  have  opened  a new  era  in  the  study  of  exhaust  noise. 


PREDICTION  OF  OVERALL  EXHAUST  NOISE 
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It  is  abundantly  clear  from  the  preceding  section  that  our  knowledge  of  exhaust  noise  mechanisms  is 
far  from  complete,  and  that  no  single  mechanism  has  been  found  to  account  for  all  the  observed 
exhaust  noise  effects.  More  likely,  there  will  be  a few  dominant  mechanisms  and  each  engine  will 
have  its  own  characteristic  'mix*  of  these.  Thus  to  think  in  terms  of  a generalised  prediction 
method  is  perhaps  being  rather  optimistic.  During  the  development  of  our  knowledge  of  exhaust 
noise,  various  prediction  procedures  have  been  proposed,  the  earliest  being  based  on  jet  exhaust 
velocity  (4,  5).  More  recently,  the  combustor  has  been  considered  as  the  major  contributor  and 
a host  of  methods  have  been  published.  These  have  been  conveniently  reviewed  in  two  recent  papers 
(32,  34)  and  for  a full  history  the  reader  is  referred  to  these.  These  methods  are  invariably 
empirical  using  a combination  of  flow  parameters  relevant  to  the  combustor  and  the  turbine  such  as 
combustor  temperature  rise,  mass  flow,  combustor  discharge  velocity, fuel  air  ratio  etc. 

It  may  well  transpire  that  these  methods  are  attempting  to  describe  empirically  the  noise  described 
as  •indirect*  combustion  noise  in  Section  4.2.  This  'indirect'  combustion  noise  of  course  can  be 
calculated  provided  the  fluctuations  in  combustor  exit  temperature  are  known.  Clearly  this  infor- 
mation will  only  be  known  in  some  very  specific  instances  for  engines  that  already  exist.  For  new 
engine  projects,  some  empiricism  is  therefore  necessary. 

The  latest  'generalised'  method  available  is  one  recently  submitted  by  the  General  Electric  Co.  to 
the  SAE  A21  Jet  Noise  Subcommittee  for  evaluation  (57).  This  method  predicts  the  mid  frequency 
(•^  400  Hz)  noise  source  for  a range  of  turbojets,  turbofans  and  turboshaft  engines  and  is  based  on 
work  previously  published  (29,  30,  34)  tor  combustor  noise  together  with  a parameter  which  describes 
the  different  amounts  of  turbine  work  extracted  in  these  different  types  of  engines.  Additional 
data  from  Rolls-Royce  engines  has  been  shown  to  agree  well  with  the  method  as  shown  in  Fig. 44. 


To  use  the  method,  the  peak  ^ octave  SPL  is  obtained  from  Fig. 44  where 

-I3v 

OAPWL  = overall  sound  power  level  (watts  re  10  ) 

W = mass  flow  in  lb/sec. 

T = total  temperature  in  °Rankine 

P — density 
Station  0 = ambient 

3 = combustor  inlet 

4 a*  combustor  exit 

5 = low  pressure  turbine  exit 

and  A T = T^  - T^  at  the  engine  design  condition 


The  spectrum  shape  and  directivity  are  empirical  in  nature, 
in  Fig. 45,  and  the  directivity  in  Fig. 46. 


The  recommended  spectrum  shape  is  given 


The  SPL  = PWL  - 20  log  R + DI  - AA  - 9.3 


where  R is  the  radius  in  feet 


DI  is  the  directivity  index  (Fig. 46) 
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AA  is  the  air  attenuation. 

This  method  appears  to  correlate  satisfactorily  the  OAPWL  from  a wide  range  of  engines.  The 
scatter  of  spectral  data  and  directivity  is  much  larger  (see  Reference  57)  and  will  hopefully  be 
further  refined  before  publication  as  an  SAE  recommended  method.  In  its  present  form  however,  it 
is  probably  the  best  method  which  is  generally  available  at  this  time. 

IN  FLIGHT  EFFECTS  ON  JET  AND  CORE  NOISE 


Dr.  Fisher  in  the  previous  lecture  has  introduced  the  static  to  flight  dilema  that  has  recently 
become  evident  from  comparisons  of  real  aircraft  flyover  data  with  data  obtained  from  model  jets 
tested  under  forward  speed  conditions  in  wind  tunnels  or  large  area  ratio  coaaxial  jet  rigs. 

The  discrepancy  between  these  sets  of  data  is  illustrated  by  typical  static  and  flight  field  shapes 
of  the  OASPL  from  a pure  turbojet  engine,  the  Viper  shown  in  Fig. 47  and  a low  bypass  ratio  engine, 
the  Spey  512  in  Fig. 48.  These  show  that  although  near  to  the  jet  axis  a large  reduction  is  obtained 
in  going  from  static  to  flight,  there  is  virtually  no  change  around  the  90  angle  and  an  increase 
in  absolute  noise  level  in  the  forward  arc  (58).  The  results  from  simple  models  tested  in  a wind 
tunnel  (59)  are  shown  in  Fig. 49  and  in  a coaxial  rig  (60)  in  Fig. 50.  In  the  model  experiments 
there  is  a clear  reduction  with  forward  speed  at  90  and  in  both  data  sets,  and  where  data  is 
available,  a reduction  is  also  shown  in  the  forward  arc.  The  fieldshapes  shown  in  Fig. 50  from  the 

coaxial  rig  require  a small  correction  due  to  the  passage  of  the  sound  through  the  shear  layer;  but 
after  correction  there  is  still  a reduction  in  the  forward  arc  noise,  in  contradiction  to  the  full 
scale  flight  data. 


A useful  way  of  summarising  this  behaviour  is  to  establish  a flight  velocity  index  (m)  as  a function 
of  angle  according  to:- 


0ASPL 


static 


OASPL 


f light 


where  V.  = jet  velocity 


V.  - V Aircraft 
J 


Aircraft  Mach  No. 
Angle  to  intake  axis 


The  aircraft  data  from  (58)  and  model  data  from  (59)  are  shown  in  Fig. 51. 

Since  the  publication  of  references  59  and  60  other  work  has  confirmed  the  results  for  models  (61, 
62).  It  has  been  established  that  the  index  m from  the  model  tests  is  a function  of  the  area 
ratio  of  the  coaxial  rig  used  to  simulate  flight,  the  ultimate  being  a large  wind  tunnel  with  the 
measuring  microphone  installed  actually  in  the  tunnel  stream  (Fig. 52). 


Further  more  definitive  aircraft  data  has  also  become  available,  for  example  for  the  Viper  engine 
in  the  Provost  aircraft  and  flown  at  two  forward  speeds,  Fig. 53.  These  results  confirm  the  increase 

of  noise  in  the  forward  arc  and  show  a small  reduction  at  90  . 


Data  obtained  on  the  Bertin  Aerotrain  which  is  a land  based  moving  vehicle  propelled  by  a turbojet 
engine  (61)  shows  very  similar  results  to  those  obtained  in  flight  except  that  for  subsonic  jet 
velocities  there  was  no  measurable  increase  in  the  forward  arc.  For  supersonic  jet  velocities  with 
a conical  nozzle  there  was  significant  amplification  in  the  forward  arc,  it  being  clearly  associated 
with  the  presence  of  shock  cell  noise  at  these  angles.  An  excellent  description  of  the  Bertin 
Aerotrain,  its  method  of  operation  and  the  results  obtained  with  it  are  to  be  found  in  references 
63  and  64. 

The  conclusions  of  reference  63  are  that  the  observed  discrepancy  between  models  and  full  scale 
data  may  be  due  to  five  main  phenomena,  likely  to  be  strongly  coupled.  These  are:- 

(a)  the  radiation  of  nozzle-based  sources  induced  by  internal  or  external  aerodynamic 
perturbations  of  the  nozzle  flow  that  might  compete  with  jet  mixing  in  the  forward 
arc , 

(b)  The  jet  coherent  structures  that  might  radiate  sound  in  the  forward  arc  and/or  impede 
in  one  way  or  arother  the  relative  velocity  effect, 

(c)  the  parametric  amplification  of  jet  noise  by  initial  flow  turbulence  and  internal  noise 
that  makes  jet  mixing  sound  noisier  than  it  should  according  to  model  Jet  noise 
predictions, 

(d)  the  noise  induced  by  residual  swirl  and  that  radiated  by  the  initial  flow  turbulence 
that  unreported  aerodynamic  measurements  have  shown  to  be  very  high  on  a jet  engine 
and  that  probably  alters  the  jet  mixing  process, 

(e)  the  ingestion  of  external  turbulence  that  should  also  affect  the  jet  mixing  process. 


The  overall  conclusion  from  Reference  61  is  that  the  lack  of  reduction  of  the  engine  noise  in  flight 
is  not  due  to  one  or  several  extra  noise  sources  that  would  dominate  over  the  jet  noise  in  flight 
but  rather  to  a unique  mechanism  affecting  the  production  of  jet  mixing  noise  Itself  as  does  the 
broadband  amplification  mechanism  (parametric  amplification)  discussed  in  Section  4.5.  A strong 
reason  for  this  belief  arises  from  the  almost  identical  spectrum  shapes  observed  in  flight  around 
90  and  in  the  forward  arc.  In  the  results  where  no  change  of  OASPL  has  been  observed  in  flight, 
the  spectra  are  almost  Identical  (Fig. 54).  In  the  case  of  the  parametric  amplification  described 
above, the  amplification  also  occurs  over  the  whole  spectrum. 

However,  recent  data  obtained  with  the  retanned  JT8D  engine  installed  in  a DC-9  aircraft  (65)  shows 
quite  different  results  as  shown  in  Fig. 55.  It  is  significant  that  the  total  measured  data  before 
any  core  noise  component  is  separated  out  shows  a significant  static  to  flight  reduction.  This  is 
the  only  full  scale  information  published  to  date  which  shows  such  an  effect.  As  part  of  this 
study,  core  noise  has  been  Identified  and  separated  on  a spectral  basis  from  the  jet  mixing  noise. 
Fig. 56  compares  the  relative  velocity  index  of  the  resultant  jet  noise  component  obtained  from  this 
data  with  previous  data,  showing  that  there  is  good  agreement  with  the  model  wind  tunnel  data.  It 
was  found  that  the  core  noise  component  was  affected  by  the  forward  speed  and  showed  a forward  arc 
amplification  which  could  be  represented  by  (1  - Ma  cos  0)”^*  where  M^  is  the  aircraft  Mach  number 

and  8 is  the  angle  to  inlet  axis.  The  origin  of  this  particular  core  noise  component  was  not 
certain  but  was  assumed  to  originate  from  within  the  engine. 

A similar  analysis  has  been  published  by  Stone  (66)  in  which  he  too  seeks  to  explain  the  published 
flight  anomaly  by  postulating  an  internal  source  which  becomes  amplified  by  flight  according  to  a 
factor  (1  - M^  cos  0)”n  where  n is  between  2 and  4.  He  then  assumes  the  jet  mixing  component  will 

reduce  with  forward  speed  according  to  the  model  data,  i.e.  reduces  at  all  angles.  Then  starting 

with  a deduced  mix  of  jet  and  core  noise  under  static  conditions,  he  is  able  to  describe  the 
general  features  of  the  flight  results. 

Thus,  to  conclude,  it  appears  that  in  spite  of  some  extremely  exhaustive  research  there  are  still 
large  differences  in  the  behaviour  of  noise  measured  from  different  engines  under  forward  speed 
conditions,  and  that  no  single  mechanism  has  yet  been  found  that  satisfactorily  explains  all  the 
observations. 

For  prediction  purposes,  either  of  the  two  approaches  above  may  be  used.  The  first  is  to  predict 
the  jet  noise  statically  and  then  apply  a flight  correction  such  as  that  in  Fig. 51.  The  second, 
is  to  assume  the  •mix*  of  core  noise  and  jet  noise  under  static  conditions  is  known  and  apply  the 
model  in  flight  correction  to  the  jet  component,  and  the  amplification  factor  to  the  core  noise 
component.  As  already  indicated  each  of  these  methods  will  enable  a good  prediction  to  be  made 
of  certain  results  but  not  every  known  case.  Considerably  more  knowledge  of  this  problem  is 
required  before  each  and  every  situation  can  be  predicted  with  confidence. 
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FAN  NOISF 
by 

B.  W.  LOWRIE 

Head  of  Noise  Research-Aero  Division 
Rolls-Royce  (1971)  Ltd,  Derby,  England 


SUMMARY 

The  nature  of  aero  engine  fan  generated  noise  is  described  in  terms  of 
both  spectral  and  radiative  properties  both  statically  and,  where 
possible,  in  flight.  Basic  concepts  and  theoretical  approaches  are 
considered,  including  dimensional  analysis,  and  thus  features  of  the 
sources  deduced. 

It  is  found  that  fans  produce  both  tonal  and  random  noise.  While  the 
sources  of  the  tonal  noise  are  several  they  can  be  defined  quite 
specifically,  and  consist  in  the  main  of  regular  lift  fluctuations 
created  on  individual  blades  by  inflowing  distortions.  For  the 
exceptional  case  of  supersonic  relative  velocity  the  tonal  noise  is 
dominated  by  the  steady  pressure  field  relative  to  the  blade  row 
becoming  at  high  supersonic  speeds, a shockwave  - expansion  pattern.  The 
significant  sources  of  broad  band  noise  are  less  well  defined  but  could 
be  produced  equally  well  by  self-excited  phenomena  on  blade  rows  as  by 
fluctuations  in  the  inflowing  airstream. 


1 . INTRODUCTION 

Until  the  advent  of  high  bypass  ratio  aero  engines  in  the  1960's  there  was  little  experience  of 
the  nature  of  the  noise  generated  by  large,  high-speed,  singie-stage  fans.  However,  the  noise  of 
multistage  axial  compressors  such  as  those  in  low  bypass  ratio  engines  and  in  pure  jet  engines, 
provided  valuable  data  and  warnings  of  the  problems.  Thus,  the  first  commercial  high  bypass  ratio 
engines  were  designed  mindful  of  the  noise  that  the  fan  would  produce,  and  had  features  specifically  to 
reduce  the  noise  generated  by  that  component. 

The  fiTSt  generation  commercial  jet  airliner  had  a noise  signature  dominated  by  jet  mixing 
noise  and  it  was  only  at  the  lower  engine  ratings  (on  approach  to  land  typically)  that  the  multi- 
stage compressor  noise  was  of  any  consequence.  Indeed,  it  was  reported  (Ref.  1)  that  these  early 
jet  airliners  were  10  to  20dB  noisier  at  approach  than  their  turbo-propeller  equivalents  and  the 
noise  at  ground  level  was  comparable  with  the  jet  noise  during  take-off. 

The  lack  of  experience  of  single  stage  fan  noise  did  not  mean,  therefore,  that  no  attempts  were 
made  to  theoretically  model  the  generating  mechanisms.  On  the  contrary,  ideas  and  theoretical 
treatments  were  developed  by  the  early  1960’s,  for  example  Refs.  2 and  3.  Thus,  the  growing 
experience  of  single-stage  fan  noise  during  the  1960’s  and  upto  the  present  has  had  the  not 
inconsiderable  advantage  of  a useful  theoretical  framework  on  which  to  build. 

The  early  multi-stage  data  plus  some  single  stage  experiments  and  the  developing  theoretical 
ideas  had,  by  the  mid  1960’s  produced  concrete  ideas  and  concepts  and  Ref.  4 contains  a representative 
statement  of  the  understanding  that  was  used  for  design  of  the  high  bypass  ratio  engine  fans  now  in 
service.  Since  the  mid  1960's  there  has  been  a rapid  development  in  both  experience  and  theoretical 
modelling  of  aero  engine  fan  noise.  Today,  although  ingenious  and  very  highly  developed  theories 
are  available,  these  have  largely  been  used  as  guidance  for  experiments  and,  as  with  most  fields  of 
engineering,  it  is  the  experimental  data  anti  its  interpretation  which  provides  for  the  essential 
prediction  and  control  of  aero  engine  fan  noise  radiation. 


2.  PRELIMINARY  OBSERVATIONS  ON  FAN  NOISE 


The  farfield  acoustic  signal  produced  by  any  source  mechanism  is  usually  adequately  described  by 
a combination  of  its  spectral  and  radiative  properties.  That  is,  the  observer's  response  is  due  to 
the  spectral  character  of  the  acoustic  field  in  his  immediate  locality.  Further,  for  aircraft  noise, 
the  most  commonly  used  unit  is  the  Perceived  Noise  decibel  (PNdB),  and  this  unit  is  defined  in  terms 
of  the  level  of  the  acoustic  signal  in  each  of  the  preferred  third  octave  bands  over  the  audible 
range.  Thus,  it  is  tempting  to  measure  fan  noise  by  the  Jjrd  octave  levels  observed  as  a function 
of  distance  and  angle  relative  to  the  turbomachine  axis.  However,  it  has  been  found  that  such 
representation  musks  many  important  and  informative  features  of  the  acoustic  signal,  and  in 
describing  the  spectral  character  use  is  made  of  narrowband  (constant  bandwidth)  analysis. 

Figure  1 shows  a typical  narrowband  analysis  of  the  acoustic  signal  produced  by  a single  stage 
fan  running  at  subsonic  tip  speed  observed  at  60°  to  its  intake  axis.  The  features  which  are 
prevalent  are  the  tones  at  blade  passing  frequency  and  its  harmonics  and  the  base  level  of  broadband 
random  noise.  Figure  2 illustrates  a typical  spectrum  that  is  observed  in  the  forward  arc  of  a 
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ducted  fan  running  at  supersonic  relative  speeds.  Here,  the  dominant  features  are  tones  at  all 
multiples  of  the  shaft  rotational  frequency  and  surprisingly,  perhaps,  the  blade  passing  frequency 
is  not  at  all  predominant.  Thus,  first  observations  of  fan  noise  show  some  expected, and  at  least 
one  surprising  feature. 

On  the  face  of  it  a strong  tone  at  blade  passing  frequency  (and  harmonics)  accompanied  by  a 
significant  level  of  random  noise  is  not  surprising.  However,  the  emergence  of  all  the  engine 
order  tones  at  supersonic  fan  tip  speeds  is.  To  understand  these  observations  a resume  of 
relevant  acoustic  theories  is  necessary. 

2 . 1 Duct  Acoustic  Theory 

Although  there  are  alternative  theoretical  approaches  to  the  propagation  and  radiation  of  aero 
engine  fan  noise  it  has  been  found  that  the  most  useful  concepts  arise  from  the  work  of  Tyler  and 
Sofrin  (Ref. 2).  The  acoustic  analysis  there  is  limited  to  waves  in  ducts  with  no  flow,  however 
further  developments  have  shown  (Ref. 5)  that  the  essential  features  are  representative. 

Following  the  techniques  in  Ref. 2 the  behaviour  of  acoustic  waves  in  a cylindrical  duct  can  be 
described  by  solutions  to  the  acoustic  wave  equation,  which,  in  cylindrical  co-ordinates  can  be 
wri tten 


h-  'jq2  - §£  = o 

Assume  a solution  of  the  form  p m 0 X 

Substituting  and  dividing  by  -p  we  get 

/w/\2,  _L  . _L  .±S  . I . <*?e  . _L  — 0 
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( 2 ) 
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Rearranging 
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The  solution  is 
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and  has  the  solution 


X (x) 


-ik  .X  ^ _ ik  x 
X ♦ Bp  x 


<>2  • 

1>  & 

0 (•)  « 


(independent  of  0) 


e r 0 +B  ik«  r0 


(3) 


V 


or  more  conveniently 


0 (0)  - E Cos  ( k . r 0 +0) 


where  0 is  an  arbitrary  phase  angle. 

In  a real  circular  duct  for  the  solution  to  be  instantaneously  true  for  all  0,  this  function 
must  repeat  exactly  for  each  2TTin® 

i .e.  0 (•)  «*  0 (•  x 2 TT  ) 

k— ,r  must  be  an  integer.  ■ m say 


i.e.  0 (0)  ■ F Cos  (m  0 4-  0)  where  m 

— i m 0 

Thus  we  can  write 


t Integer.  *=  k^  r 
i m 0 


Finally  - 
Now 


"■  d r 2 

J 9 2fl 

2 e ‘ Te"7 


_l i R 

r.  R. 

. - 


Thus 


»2r 


1 <»r2  r-  " 

Make  the  substitution  y ■ k . r and 


<»R 

d r 


r 2 6* 


+ k 


<*0 


* 

<>  r 


and  the  equation  becomes  multiplying  by  R/k 


<^r 

9 y 2 


& R 


+ <l 


«•  • 9, 


»>.  R 


y 9 y y 

which  in  a Bwss.l  Equation  of  ord.r  m and  has  th.  solution 

R • G.Jn  (y)  . G.  Jin  (k  . r) 

r 


(4) 


-k  ( ind.pwndwnt  of  r) 


(5) 
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Since  wp  arp  concerned  with  the  solution  in  a circular  duct  where  the  real  solution  must  be 
finite  everywhere , the  alternative  Newman-Bessel  function  Vm  (y)  is  not  considered  since  it  has  an 
infinite  value  on  the  axis.  It  is  however  necessary  for  a complete  solution  in  an  annular  duct. 


Thus  grouping  the  whole  solution  together  and  combining  all  the  arbitrary  constants  into  one 
we  get 

eim  6 ik  x eiwt 

p«s  A.  Jm(k  r ) ex 


= A.  Jm  (K  r)  e (m  0 + k x + wt) 
r x 

2 1 

and  equation  (2)  becomes  replacing  w/c  by  k & 

2 2 2 
k - k - k =0 


fe  * C — 


note  that  for  this  to  represent  all  possible  solutions  both  k*  & m can  be  positive  or 
negative. 


It  is  convenient  at  this  stage  for  reasons  which  will  become  clear  in  section  2.1.1  to  define 
the  solution  in  terms  of  the  particular  values  of  kr  which  are  admissible.  For  any  particular 
circumferential  mode  order  (defined  by  m)  there  will  be  a set  of  values  of  k each  one  of  which 
is  specified  by  the  radial  order  parameter  yj.  The  wavenumber  K is  therefore  written 
conveniently  in  the  subscripted  form  km  y,  and  likewise  the  amplitude.  The  possible  solutions 
to  the  equation  are  now;- 

p^  (r,  B,  x,  +)  « Am^i  Jm  ( K my.r)  exp.1  (m  6 + k^.  X +wt) 

^2  2 2 
where  k = (w/c)  - K 

x ty 

and  the  acoustic  pressure  field  in  a circular  duct  can  be  represented  by  the  total  sum  of 
these  independent  modes. 


where 

m 


r 

A 


X 


number  of  circumferential  wavelengths  of  the  mode, 
number  of  radial  zeros  or  nodes 
amplitude  of  the  m,  y mode. 

radial  wave  number  of  the  mode, 
axial  wave  number  of  the  mode, 
circular  frequency 

distance  along  duct  in  axial  direction. 


Ignoring  for  the  moment  the  perhaps  unfamiliar,  and  therefore,  uninformative  Bessel  function 
Jm  (K  .r)  the  remainder  of  the  expression  describes  a wave  which  has  m wavelengths  around  the 
circumference  of  the  duct  and  a wavelength  2 TT  /K  in  the  axial  direction  (assuming  real)  with 
a circumferential  frequency  of  w.  For  K imaginary,  the  mode  does  not  have  a constant  amplitude 
as  x varies  but  rather  increases  or  decreases  exponentially.  This  latter  occurs  for  a given  mode 
(therefore  fixed  K ) at  frequencies  below  a critical  w*  = c.K  . This  change  in  axial  behaviour 
of  the  mode  is  obvTftusly  of  great  interest,  since  if  a pressure^pattern  produced  by  a fan  in  a duct 
is  at  a frequency  below  the  critical  frequency  then  in  a real  case  it  will  decay  along  the  duct  and 
will  emerge  at  a lower  level  than  if  it  propagated  at  constant  amplitude.  Clearly,  the  important 
features  are  the  conditions  under  which  K is  high  (and  so  is  the  critical  frequency)  and  the  rate 
of  decay  that  can  be  achieved. 


2.1.  L Properties  of  Bessel  Functions 

In  order  to  understand  physically  the  mathematical  conditions  described  above  some  knowledge  of 
Bessel  functions  is  necessary.  These  are  fully  described  in  text  books  on  the  subject  but  the 
relevant  features  are  summarised  here. 

Bessel  functions  of  the  first  kind  (J)  can  be  described  as  sinuous  curves,  symmetrical  or  anti- 
symmetric, about  zero  argument  for  even  and  odd  orders  (m)  respectively,  which  vary  about  a zero 
mean  with  peak  amplitudes  (positive  and  negative)  which  reduce  with  increasing  argument.  Only  the 
zeroth  order  Bessel  function  has  a finite  amplitude  (*1)  at  the  origin  and  only  the  first  order 
luis  other  than  zero  slope  at  the  origin.  These  features  are  illustrated  in  Fig. 3. 

fhe  only  solutions  to  the  mode  equation  above,  which  are  admissible,  are  those  where  the  radial 
pressure  profile  matches  the  duct  wall  boundary  condition.  This  can  be  interpreted  in  the  case  of 
an  acoustically  hard  wall  as  a pressure  minimum  or  maximum.  Thus,  the  only  admissible  values  for 
K are  those  for  which  (K  r)  equals  the  argument  of  the  mth  order  Bessel  function  at  a turning 
pWnt.  Clearly  for  a gi  verV^i rcumferentia  1 order  (m)  we  are  interested  in  the  lowest  value  of 
K (K  ).  Since,  if  the  frequency  is  lower  than  the  critical  value  for  the  lowest  radial  order, 
iTPwilT'Pie  so  for  all  radial  orders  of  that  circumferential  order.  This  means  we  need  only  consider 
the  argument  of  the  first  maximum  of  the  Bessel  function  and  conveniently,  except  for  the  J^  mode, 
this  occurs  near  (m  + 1).  See  Fig. 4, 
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Critical  Frequencies  in  Ducts 


Following  this  approach  we  find  that  the  critical  frequency 


The  critical  circumferential  tip  speed  of  the  pattern 

U*  t « w • x 2 Tt  r 


C (■  + 1)  2lfr 

2ff  r.m 


i.e.  U«t 


iH2)  ■ 


For  large  m this  is  sonic  tip  rotational  speed? 

For  all  non-zero  circumferential  orders  U*$  is  greater  than  sonic,  thus  apparently  any 
pressure  pattern  created  in  a duct  must  rotate  at  supersonic  conditions  before  it  can  propagate 
acoustically . 


Decay  of  Subcritical  Pressure  Field 

The  decay  of  the  pressure  field  under  subcritical  conditions  is  described  by  the  term 
exp.  ikx  .X  where  K is  imaginary. 

k = i^/k  2 “ (w/c)2  - i Yu*2  - w2  = iw* 

x w m ii  — w* 

/ c c 

rate  of  amplitude  decay  = exp.  [--f 

D-cay  in  SPL  22 • TLt  /l  ' /— V ' unlt  length 

log  10  c \w * / 


SPL  decay®  8.7  ( m + 1 ) . y/(  1 - / w 


) / duct  radius 


Even  for  a first  order  mode  (m  = 1)  when  w is  9CW&  of  critical,  the  decay  rate  is  approximately 
7.6dB/radius . Obviously,  higher  order  modes  would  decay  even  more  rapidly, in  fact  at  such  a 
rapid  decay  rate  that  within  a reasonable  duct  length  pressure  patterns  significantly  below  the 
critical  frequency  can  be  assumed  not  to  propagate  at  all  and  are  termed  "cut-ofl" . 

A very  good  demonstration  of  this  decay  was  shown  by  Moore  (Ref. 6)  and  reproduced  here  in 
Fig. 5.  Each  of  the  components  of  the  pressure  field  bound  to  a four-bladed  rotor  are  shown  to 
decay  precisely  at  the  rate  predicted.  incidentally,  it  will  be  noted  that  the  highest  two 
harmonics  are  found  to  reach  a bottom  limit  of  sound  pressure  level  and  hence  a level  at  which 
propagation  from  some  different  mechanism  is  occurring. 

In  the  case  of  a fan  rotating  in  a duct  there  is  always  a pressure  field  generated  by  the 
steady  flow  pattern  around  the  blades  which  rotates  with  them.  This  analysis  and  Moore’s 
experiments  show  that  such  a pressure  field  at  subsonic  fan  tip  speeds  would  not  be  expected  to 
propagate  to  the  duct  end  or  radiate  to  the  far  field. 

Interaction  Tones 

As  shown  earlier,  (Fig.l)  blade  passing  tones  and  harmonics  do,  in  fact,  radiate  and  there- 
fore the  source  of  these  tones  must  be  a pressure  pattern  which  is  rotating  in  the  duct  at  a 
supersonic  relative  speed,  even  though  the  fan  itself  is  subsonic. 


Generation  of  Interaction  Tones 

Tyler  and  Sofrin,  in  their  classical  paper,  (Ref. 2)  explain  this  as  due  to  an  interaction 
between  the  steady  rotor  flow  field  and  the  steady  flow  field  around  an  adjacent  stator  blade 
row  or  system.  Essentially,  if  the  numbers  of  rotor  and  stator  blades  are  unequal  the  flow 
fields  can  produce  a "pattern  of  events"  which  rotates  faster  than  the  rotor  and  can  thuse  move 
supersonically  even  with  a subsonic  fan. 

This  phenomenon  is  illustrated  in  Fig. 6 by  the  pattern  of  events  (in  this  case,  simply 
rotor-stator  coincidence)  which  occurs  during  a 90°  rotation  of  a four-bladed  rotor  adjacent 
to  three  stator  blades.  The  coincidence  is  seen  to  rotate  one  full  revolution  in  the  same 
direction. 
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In  fact,  if  the  number  of  rotor  blades  is  B and  stator  blades  is  V,  a pattern  occurring  at 
n times  blade  passing  frequency  can  be  formed  of  m circumferential  wavelengths 


where  m 
and  will 


nB  ♦ kV  (k  is  any  integer) 


rotate  at  nB 


nB 


±k  V 


times  the  rotor  speed. 


In  the  case  quoted  n = 1 , k = -1 
and  therefore,  m = 1 

4 

and  the  speed  = — — - — r—  « 4 times  rotor  speed. 


2.2.2  Radiation  of  Interaction  Tones 

In  addition  to  developing  the  theory  and  mechanisms  by  which  interaction  tones  are  generated 
and  propagate  in  circular  (and  also  in  annular)  ducts,  Tyler  and  Sofrin  arrive  at  a method  of 
predicting  the  radiative  behaviour  of  these  acoustic  phenomena. 

The  theoretical  model  used  is  simplified  somewhat  from  the  real  case  and  assumes  that  a given 
"spiral  mode"  propagating  in  a duct  can  be  simply  regarded  as  a rotating  pressure  pattern  at  its 
termination.  In  calculating  the  radiation  it  is  assumed  that  the  duct  terminates  in  an  infinite 
baffle  and  that  all  the  energy  is  radiated.  Typical  calculated  radiation  patterns  have  highly 
directional  "lobes"  and  for  a given  mode  one  particular  lobe  tends  to  dominate.  Further,  the 
direction  of  this  dominant  lobe  is  a very  strong,  almost  unique,  function  of  the  "cut-on"  ratio 
(actual  to  critical  frequency ) , this  is  illustrated  in  Figs. 9 and  10.  A mode  which  is  at  a frequency 
(or  speed  of  rotation)  only  slightly  above  cut-off  ("cut-on"  ratio  little  greater  than  Dradiates 
primarily  at  high  angles  to  the  duct  axis,  i.e.  some  60°  to  70°.  While  a mode  which  is  at  a high 
frequency  or  cut-on  ratio  radiates  predominantly  close  to  the  axis.  Only  the  various  radial  orders 
of  the  zeroth  circumferential  order  (m  * o)  modes  actually  radiate  along  the  axis. 

The  radiation  of  Fan  tones  has  been  further  examined  by  other  authors,  notably  Lowson  (Ref. 10) 
and  Lansing(Ref . 11 ) . Although  quite  different  mathematical  assumptions  are  used  in  each  case  the 
general  trends  and  much  of  the  detail  predicted  by  Tyler  and  Sofrin  is  found  to  be  correct,  the 
largest  errors  being  due  to  the  infinite  baffle  assumption.  But,  as  shown  by  Lansing,  these 
errors  are  only  at  large  angles  to  the  axis  approaching  90°  where  the  radiation  is  weak  in  any 
case. 

The  radiation  theory  of  Tyler  and  Sofrin,  discussed  above,  generally  describes  the  forward 
radiation  through  a fan  intake  and  should,  in  principle,  describe  the  radiation  in  the  rearward 
arc.  However,  a feature  of  the  conditions  of  rearward  arc  radiation  is  the  high  speed  jet  which 
issues  from  the  fan  nozzle  of  a bypass  engine  through  which  the  tone  is  propagating.  This  is 
found  to  have  two  significant  effects: 

(i)  The  radiation  is  re-directed  by  the  shear  layer  (Snell's  law)  refraction  away  from  the 
axis,  and 

(ii) The  high  degree  of  turbulence  normally  present  in  this  mixing  layer  between  the  fan  jet 

and  the  ambient  air  scatters  the  acoustic  wave  patterns  sufficiently  to  obliterate  the  highly 
directional  lobes  of  radiation  and  instead  produce  a more  diffuse  field  shape.  This  is 
illustrated  in  Fig. 16. 

2 . 3 Tones  at  Supersonic  Fan  Speeds 

The  dominant  fan  blade  passing  tones  and  harmonics  which  are  observed  at  subsonic  fan  speeds 
can  be  satisfactorily  explained  as  described.  However,  the  same  concepts  suggest  that  super- 
sonically the  fan  blade  pressure  field  ought  to  propagate  and  thus,  even  without  interactions,  the 
acoustic  signal  would  still  be  expected  to  be  dominated  by  blade  passing  frequency  and  its 
harmonics.  Figure  2 illustrates  that  this  is  not  so  and  some  further  explanation  is  necessary. 

2.3.1  Origins  of  Shaft  Order  Tones 

When  the  relative  flow  onto  a fan  rotor  is  supersonic,  the  flow  field  immediately  upstream  of 
the  fan  is  made  up  of  shock  waves  and  expansions, see  Fig. 7.  Such  a system  has  a degradation  of 
energy  built-in  and  is  as  a consequence,  non-linear  in  behaviour.  That  is  the  flow  passes  through 
the  system  of  shocks  in  an  irreversible  manner.  This  requires  a new  approach  and  has  been 
adequately  investigated  by  several  authors,  Ref. 7 for  instance.  It  is  found  that  any  slight 
variations  from  average  in  the  shock  strengths  or  positions  produced  by  individual  blades,  result 
in  sufficient  variation  in  propagation  speed  of  the  individual  shocks  away  from  the  plane  of  the 
fan  rotor  for  the  pressure  pattern  to  become  uneven.  This  occurs  to  the  extent  of  not  producing 
the  same  repetition  for  each  blade,  see  Fig. 8.  Such  a pattern  which  repeats  with  each 
revolution  of  the  fan  would,  therefore,  contain  all  the  harmonics  of  fan  rotational  speed  rather 
than  blade  passing  frequency,  in  line  with  the  observations  in  Fig. 2. 

2.3.2  Radiation  of  Shaft  Order  Tones 

Once  the  generation  of  the  shaft  order  tones  ("Multiple  Pure  Tones"  or  "Buzz-Saw"  noise)  has 
occurred  they  are  propagated  as  spiral  waves  in  the  duct  upstream  of  the  fan  and  thus  the  radiation 
process  is  exactly  the  same  as  for  the  spiralling  acoustic  modes  described  in  Section  2.3.2  above. 
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Over  the  normal  range  of  operation  of  today's  bypass  engine  fans,  i.e.  upto  tip  relative  Mach 
numbers  of  around  1.5,  the  "cut-off"  ratios  of  the  various  engine  order  tones,  all  of  which  spin 
at  the  same  speed  as  the  rotor,  are  obviously  low.  Indeed  the  low  engine  orders  can  be  cut  off. 
This  component  of  noise,  therefore,  radiates  at  large  angles  to  the  intake  axis,  in  the  range 
40°  -70”  typically. 


2.4  Other  Components  of  Fan  Noise 

The  sources  of  the  dominant  tones  in  the  acoustic  field  of  an  aero  engine  fan  have  been 
described  in  qualitative  terms  but  little  has  been  said  of  the  source  of  the  remaining  broad  band 
noise  component  or  the  sometimes  observed  tones  from  a subsonic  fan  at  low  level  at  multiples  of 
shaft  rotational  speed,  see  Fig.l.  The  latter  can  simply  be  explained  (Ref. 8)  as  being  caused  by 
the  same  interaction  mechanisms  as  the  dominant  tones  and  are  due  to  the  blades  not  being 
absolutely  identical.  Their  amplitude  is  generally  much  lower  than  the  dominant  tones  (20dB  lower 
typically)  and  can  usually  be  ignored. 

2.4.1  Broad  Band  Fan  Noise 

The  broad  band  noise,  on  the  other  hand,  is  spread  over  a wide  band  of  frequencies,  and  is, 
therefore,  of  similar  importance  to  the  blade  passing  tones. 

The  non-ordered  nature  of  broad  band  noise  suggests  that  the  sources  will  be  found  in  the 
random  flow  processes  which  occur  in  most  turbomachinery.  These  include  turbulent  boundary  layers, 
turbulent  wakes,  regions  of  separation  and  the  interaction  of  such  random  flows  with  adjacent  solid 
surfaces.  The  investigation  of  such  mechanisms  must,  by  their  nature,  be  largely  empi rical ,al though 
theoretical  treatments  such  as  Ffowos-Wi 1 1 iams  and  Hawkings  (Ref. 9)  draw  attention  to  the  many 
possible  mechanisms.  Essentially,  in  fluctuating  flows  of  low  Mach  numbers  the  most  efficent 
sources  are  monopole  types  which  imply  fluctuations  in  mass.  In  the  usual  absence  of  such  highly 
efficient  sources  (steady  flow)  the  next  most  efficient  type  becomes  prominent,  i.e.  dipole  type 
which  imply  fluctuations  in  momentum  or  applied  force.  Again,  in  the  absence  of  dipole-type, 
quadrapole  type  sources  usually  associated  with  fluctuating  stresses  become  important,  and  so  on. 
Thus,  although  it  is  apparently  impossible  to  eliminate  broad  band  noise  sources  from  fluid  flow 
machines,  the  generation  can  be  controlled  by  eliminating  or  reducing  the  more  acoustically 
efficient  processes.  Since  this  usually  is  consistent  with  good  aerodynamic  performance  the  problem 
of  control  reduces  to  understanding  the  base  level  due  to  turbulent  boundary  layers  and  wakes  which 
are  present,  and  keeping  that  to  a minimum. 

2.4.2  Broad  Band  Noise  Radiation 

Because  of  the  sources  of  broad  band  noise  are  random,  the  radiative  properties,  in  particular 
the  directionality  is  also  random.  This  might  suggest  that  the  energy  should  be  uniformly 
radiated  in  all  directions.  However,  because  the  initial  propagation  of  the  noise  must  be  along 
the  circular  duct  which  contains  the  fan,  some  "focussing"  of  the  sound  occurs. 

The  simple  way  of  viewing  this  focussing  is  to  represent  the  propagation  of  the  random  noise 
in  a circular  duct  as  the  sum  of  a large  number  of  randomly-phased  spiral  waves  of  all  possible 
modes . This  is  analogeous  to  representing  the  broad  band  signal  observed  in  the  far-field  as  the 
sum  of  a large  number  of  sinusoidal  signals  such  as  is  implied  by  narrowband  spectral  analysis. 
Further,  the  simple  assumption  is  made  that  all  the  modes  have  equal  amplitude  in  the  duct.  From 
Fig. 10  the  rate  of  change  of  radiation  angle  with  cut-on  ratio  is  high  at  low  cut-on  ratios  (high 
angle  radiation)  and  falls  rapidly  as  the  cut-on  ratio  increases.  This  suggests  that  radiation 
will  tend  to  concentrate  near  to  the  axis  since  there  should  be  only  a few  modes  with  low  cut-on 
ratios  which  radiate  at  high  angles.  Indeed,  this  supposition  holds  qualitatively  and  Fig. 11 
shows  the  inlet  radiation  field  shape  of  typical  fan  broad  band  noise  and  clearly  illustrates  the 
focussing  of  the  broad  band  noise  into  a sector  around  the  axis  with  a fall-off  at  angles  above 
40°  to  the  axis. 

In  the  rearward  arc,  the  comments  made  with  respect  to  interaction  tones  hold  and  the  broad 
band  noise  radiates  primarily  at  high  angles  to  the  exit  axis. 

2 . 5 Dimensional  Analysis  of  Fan  Noise 

In  order  to  simplify  the  assessment  of  the  parameters  which  are  significant  to  the  generation 
of  noise  of  fans  or  any  turbomachine,  the  well-known  technique  of  dimensional  analysis  can  be  used 
to  some  advantage.  Briefly,  the  parameters  thought  to  be  important  need  only  be  considered  as  non- 
dimensional  groups  to  examine  their  effect  and  this  reduces  the  number  of  independent  oarameters 
that  are  considered. 

The  dependent  parameter  we  wish  to  describe  is  the  acoustic  intensity  I in  a given  frequency 
range  f -Qf  to  f + Af  at  a point  in  space  located  by  the  polar  co-ordinates  R (radius)  and  6 
(angle  with  respect  to  the  turbomachine  axis). 

The  other  independent  (causing)  variables  are  the  representative  gas  properties , p , p,  a,  u 
both  at  source  and  at  observation  points;  the  fan  dia.  D,  plus  as  many  non-dimensional  length ' 
ratios  as  are  needed  (including  g/c);  speed  N and,  from  aerodynamic  experience,  one  other  non- 
dimensional  parameter  representing  the  operating  condition  (pressure  ratio.  PR,  for  example). 
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So  we  have 


D,  N,  PR,  plus  geometric  ratios) 


:,  p,  p,  a,  yk,  p , p , a^, , ii  , D and  N are  dimensional  in 
i 6f  mass,  length  an8  time'ffl,  L and  T)  and  these  plus  I 
11  non-dimensional  groups  according  to  the "Buckingham 


Of  these  parameters,  f,4\f,  R 
terms  of  the  basic  dimensions 
can  be  related  by  (14  - 3)  * 
l(  Theorem." 


Making  use  of  some  known  relationships  and  inspection,  the  11  independent,  non~dimensional 
groups  chosen  are  j- 


The  group  involving  I is  simply  a statement  of  the  acoustic  effect,  in  a dynamically  similar 
environment,  of  altering  the  environmental  conditions. 


The  ratiosi? /P  • P/Po  etc.  are  simply  ratios  of  the  gas  properties  where  the  acoustic  signal 
is  generated  zo  that  where  it  is  observed.  Provided  these  ratios  do  not  depart  too  far  from 
unity,  and  in  fans  they  are  generally  in  the  range  1 to  1.5,  then  the  only  significant  effect  is 
a rematching  of  the  pressure  and  velocity  components  of  the  acoustic  wave  to  transmit  the  same 
energy.  It  is  assumed  that  all  the  acoustic  energy  generated  must  radiate.  Thus  these  terms  can 
be  explicitly  accounted  for  by  the  relation  Io<.  P fee  • an<1  this  is  done  by  forming  the  group 
\pc  instead  of  lyttoao  and  then  el  iminating/V^  , p/  . etc.  from  further  consideration. 


simply  express  how  fjequency  bandwidths  and  absolute  frequencies 
J with  changes  in  speed  for  dynamic  similarity.  Alternatively  Jf 
a Strouhal  number.  N 


The  terms  Zj  f , an< 
should  scale  f 
be  replaced  by  fD  i.e 


R and  the  co-ordinate  8 define  the  point  of  measurement  in  non-dimensional  terms.  If  the 
D noise  is  being  determined  in  the  acoustic  farfield  for  the  source  then  by  definition  IR^ 
must  be  constant  and  thus  the  functional  relationship  between  l p a and  R is  made  explicit. 

f D ' 2 D 

Since  it  is  usually  found  that  Reynold's  number,  1 can  be  ignored  to  a first  order  in 
fluid  flow  problems  we  make  that  assumption  here,  and  finally  *s*  *n  *act  $ the  ratio  of 

specific  heats  which  we  can  assume  constant  since  we  usually  have  air  as  the  gas. 


Thus,  taking  account  of  all  these  assumptions  we  can  write  the  observed 
intensity  from  a fan  as: 


Assuming 


(i)  We  are  comparing  geometrically  similar  systems. 

(ii)  The  observation  is  in  the  farfield  acoustically,  and 

(iii)  Reynolds  number  is  not  an  important  parameter. 


Normally  the  observation  is  in  SPL 


SPL  = lOlog. 


:amine  the  variation  of  SPL  with  the 
^ f can  again  be  explicitly  dealt 
f tones  (SPL  independent  of  A f ) 


In  carrying  out  experiments  we,  therefore,  only  need  to 
four  parameters  8.  f/N,  NB/a  and  PR.  The  bandwidth  ratio 
with  provided  the  analysis  successfully  separates  discrete 
and  random  noise  (SPL  correction  = lOlog  A f ) . 


In  comparing  one  fan  with  another,  for  tones  or  broad  band  noise  separately,  the  effects  of  any 
geometric  changes  can  be  isolated  by  comparing  at  the  same  8,  f/N,  ND/a  and  P.R.,  or  since  PR  was 
chosen  arbitrarily  as  a second  parameter  representing  the  operating  condition,  a search  may  be  made 
for  an  alternative  aerodynamic  parameter  which  might  render  SPL  independent  of  all  geometric  ratios 
As  shown  in  Section  4,  fan  broad  band  noise  is  reasonably  correlated  by  using  air  incidence  onto 
the  rotor  blade  as  this  parameter. 
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3.  TOST  (FXFRATION  BY  SUBSONIC  FANS 

In  Sections  2.1  and  2.2  the  basic  ideas  were  discussed  of  how  fans  running  at  subsonic  tip 
speeds  generate  tones  at  blade  passing  frequency  and  harmonics  by  interaction  processes.  For 
simplicity  the  discussion  assumed  that  the  only  interactions  of  concern  were  those  between  rotor 
blade  rows  and  stator  blade  rows.  Simple  consideration  shows  that  although  a moving  blade  row 
mu^t  be  involved,  it  could  interact  with  a stationary  or  othei  moving  blade  row  to  produce 
generating  processes  providing  only  that  there  is  relative  motion.  Similarly,  since  the  blade 
row  can  consist  of  only  1 blade,  any  struts  or  other  stationary  on.  tael es  to  the  unsteady  pressure 
field  of  the  rotor  could  be  the  cause  of  propagating  tones  being  generated.  What  is  perhaps  not 
quite  so  obvious  is  that  while  the  significant  part  of  the  flow  field  of  the  rotor  which  interacts 
with  the  stators  could  be  the  wakes,  conversely  any  wakes  or  distortions  in  the  inlet  rotor  flow 
could  interact  with  the  rotor  and  produce  propagating  tones  again  at  rotor  blade  passing 
trequency  and  its  harmonics.  While  it  is  easy  to  see  that  tone  noise  generated  by  rotor  wakes 
contacting  a stator  blade  row  must  bebpf  and  harmonics  because  that  is  the  excitation  contained 
in  the  wakes,  the  reasons  why  similar  frequencies  should  l>e  observed  when  a rotor  rotates  in  a 
wake  system  generated  by  the  inlet  may  not  be  so  obvious. 

Although  rigorous  mathematical  proofs  are  available,  simple  physical  arguments  are  used  here 
in  preference.  The  process  'f  the  rotor  blades  passing  through  a succession  of  wakes  can  be 
viewed  in  different  frames  of  reference,  the  most  obvious  being  either  stationary  or  moving  with 
the  rotor.  Obviously,  by  analogy  with  the  stator  blade  interaction,  if  the  latter  frame  of 
reference  is  used  the  flow  field  fluctuations  around  the  rotor  contain  only  the  excitation 
frequencies  of  the  wake  system  as  seen  by  the  rotor.  However,  a stationary  observer  is  not  in 
that  frame  of  reference.  In  the  stationary  frame  of  reference  the  wakes  are  fixed  and  the  rotor 
blades  pass  through  them.  This  interaction  can  be  viewed  as  a series  of  stationary  positions 
(the  wakes)  each  of  which  is  excited  by  the  rotor  blades  at,  therefore,  blade  passing  frequency 
and  its  harmonics.  It  should  be  emphasised  that  these  two  concepts  are  in  no  way  incompatible, 
and  this  is  a case  where  varying  the  frame  of  reference  of  observation  varies  the  frequency; 
another  is  the  well  known  Doppler  effect  on  the  frequency  of  any  moving  source  of  sound. 


3.1 


3.1.1 


Sources  of  Tones  in  Subsonic  Aero  Fngine  Fans 


As  well  as  the  more  obvious  interactions  between  moving  and  stationary  blade  rows,  the 
preceding  discussion  has  illustrated  other  possible  sources.  Thus,  it  is  important  to  establish 
by  direct  experiment  which  are  the  important  sources  on  typical  aero  engine  fans 


Experiments  carried  out  with  a fan  rotor  in  the  duct  and  no  OGV,s  showed  that  a significant 
level  of  tone  was  generated  due,  apparently,  to  the  rotor  alone.  Tills  tone  level  is  unsteady  and 
on  average  has  a field  shape  of  little  character,  as  shown  in  Fig. 12. 


Rotor-Distortion  Interaction  Tones 

This  rotor-alone  tone  level  is  due  to  interactions  between  the  rotor  blades  and  unsteady 
aerodynamic  distortions  in  the  intake.  The  cause  jf  this  phenomenon  is  primarily  free  atmospheric 
motions  being  distorted  into  long  correlated  sausages  by  the  sink  flow  into  the  fan  intake, 
although  secondary  effects  due  to  the  wall  boundary  layer  are  also  involved  as  is  demonstrated 
in  Fig. 13.  In  that  figure,  reproduced  from  Ref. 12,  the  effects  of  a gauze  screen  to  reduce  the 
turbulence,  and  a suction  slot,  with  and  without  suction  to  remove  the  boundary  layer  alone,  and 
in  combination,  show  this.  The  importance  of  these  effects  derive  from  the  fact  that  this  tone  source 
reduces  to  insignificant  levels  in-flight  as  has  been  shown  several  times,  Refs. 12  and  13  for 
instance.  The  observations  in  Fig. 13  illustrate  well  that  at  tip  Mach  numbers  of  around  0.7  the 
annulus  boundary  layer  has  a dominant  effect  while  at  around  tip  Mach  numbers  of  1.00,  the 
presence  or  absence  of  the  annulus  boundary  layer  is  of  little  consequence.  Similarly  at  sonic 
tip  speeds  the  gauze  (turbulence  reducing)  screen  has  a dominant  effect  on  the  tone  level,  but 
has  little  effect  at  the  lower  Mach  numbers.  From  these  types  of  observations  it  has  been 
deduced  that  large  scale  atmospheric  motions  become  largish  scale  circulatory  motions  in  the  fan 
intake  flow,  represented  entirely  by  streamwise  vorticity.  (Cross-stream  vorticity  is  virtually 
eliminated  by  the  sink  flow).  The  magnitude  of  the  fluctuating  velocities  are  large  and  the 
seal**  is  large,  of  the  order  0.2-0. 3 intake  diameters  with  a long  persistance 
lasting  sometimes  several  seconds.  These  fluctuations  can  directly  interact  with  the  fan  and 
produce  tones  at  near  sonic  tip  speeds,  ( V small,  see  Section  2.2.1).  By  initiating  distortion 
development  of  the  turbulent  boundary  layer  on  the  annulus  wall  these  atmospheric  disturbances 
create  smaller  cioss-stream  scale  wakes  (of  order  2-5%  of  fan  dia.)  which  have  the  same 
persistence  and  can,  therefore,  produce  tone  generation  at  lower  Mach  numbers  (V-»*B,  Section 
2.2.1).  The  scale  of  the  distortions  will  scale  to  fan  intake  size.  Thus,  the  acoustic 
behaviour  which  is  governed  by  the  scale  will  not  vary  with  physical  size.  Figure  14  shows  a 
typical  summary  graph  of  static  fan  tone  level  due  to  atmospheric  distortion.  Whilst  it  would 
be  ideal  if  this  data  could  be  regarded  as  unique,  it  must  be  admitted  that  these  tone  levels 
are  found  to  alter  significantly  from  day  to  day  on  a test  site  and  no  doubt  can  vary  enormously 
from  one  test  site  to  another  due  to  prevailing  weather  conditions.  The  levels  can  be  further 
increased  by  distortions  due  to  the  wakes  of  obstructions  present  around  open  test  sites. 


The  presence  of  distortion-interaction  tones,  on  static  tests  only,  obviously  makes  such 
tests  unrepresentative  of  Might  and  has  been  a major  reason  why  experimental  progress  on  rotor- 
stator  Interaction  tones  has  been  slow,  even  though  the  theoretical  concepts  are  very  clear. 

For  this  reason  attempts  are  being  made  currently  to  "condition"  the  air  entering  a model  fan 
Intake  to  make  its  degree  of  atmospheric  distortion  representative  of  flight. 
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So  wp  have 


I b y'Cf.Af.  H,  0,  p,  a.yi,^,  Pp,  aQ,yi^,  D,  N,  PR,  plus  geometric  ratios). 


Of  these  parameters,  f,Af.  R,  p.  p,  a,  p,  p , p , , D and  N are  dimensional 
terms  of  the  basic  dimensions  6 f mass,  len^tn  anti  time  (ft,  L and  T)  and  these  plus 
can  be  related  by  (14  - 3)  = 11  non-dimensional  groups  according  to  the 'buck! ngham 
K Theorem." 


in 

I 


Parameter 

I 

f 

Af 

R 

p° 

P * 
Po 

a & 
a 

o 

K 

D 

N 

DimensionV 

M 

1 

1 

i 

1 

L 

0 

1 

-3 

-1 

1 

-1 

1 

T 

_ 

-3 

-1 

-1 

-2 

-1 

-1 

-1 

Making  use  of 

some 

known  relationships  and 

inspection,  the  l 
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The  group  involving 

I 

is  simply  a statement 

of  the  acoustic 

effect , 

in  a dynamically  similar 

environment,  of  altering  the  environmental  conditions. 


The  ratiosX?/yO,  p/po  etc.  are  simply  ratios  of  the  gas  properties  where  the  acoustic  signal 
is  generated  zo  that  where  it  is  observed.  Provided  these  ratios  do  not  depart  too  far  from 
unity,  and  in  fans  they  are  generally  in  the  range  1 to  1.5,  then  the  only  significant  effect  is 
a rematching  of  the  pressure  and  velocity  components  of  the  acoustic  wave  to  transmit  the  same 
pnergy . It  is  assumed  that  all  the  acoustic  energy  generated  must  radiate.  Thus  these  terms  can 
be  explicitly  accounted  for  by  the  relation  p • and  this  is  done  by  forming  the  group 


instead  of 


Iy&oao  and  then  el  iminating » p/p()» 


etc.  from  further  considera t ion . 


Po 

and 


simply  express  how  frequency  bandwidths  and  absolute  frequencies 
with  changes  in  speed  for  dynamic  similarity.  Alternatively  J[  might 
Strouhal  number.  N 


p 

The  terms  A f 
should  scale  f 
be  replaced  by  £D  i.e 
a 

R and  the  co-ordinate  0 define  the  point  of  measurement  in  non-dimensional  terms.  If  the 

D noise  is  being  determined  in  the  acoustic  farfield  for  the  source  then  by  definition  IR^ 
must  be  constant  and  thus  the  functional  relationship  between  ip  a and  R is  made  explicit. 

fa  D p2  D 

Since  it  is  usually  found  that  Reynold’s  number,  » can  be  ignored  to  a first  order  in 
fluid  flow  problems  we  make  that  assumption  here,  and  finally  is,  in  fact  ft  the  ratio  of 

specific  heats  which  we  can  assume  constant  since  we  usually  have  air  as  the  gas. 


Thus,  taking  account  of  all  these  assumptions  we  can  write  the  observed  farfield  acoustic 
intensity  from  a fan  as: 


Assuming : 


(i)  We  are  comparing  geometrically  similar  systems. 

(ii)  The  observation  is  in  the  farfield  acoustically,  and 

(iii)  Reynolds  number  is  not  an  important  parameter. 


Normally  the  observation  is  in  SPL: 


SPL  = 101og1Q 


(©,  Af  f 

f * N 


ND 


In  carrying  out  experiments  we,  therefore,  only  need  to  examine  the  variation  of  SPL  with  the 
four  parameters  0.  f/N,  ND/a  and  TO.  The  bandwidth  ratio  A f can  again  be  expl ic i tly  tleal t 
with  provided  the  analysis  successfully  separates  discrete  f tones  (SPL  independent  of  f ) 
and  random  noise  (SPL  correction  « 101 og^  A f ) . f 


In  comparing  one  fan  with  another,  for  tones  or  broad  band  noise  separately,  the  effects  of  any 
geometric  changes  can  be  isolated  by  comparing  at  the  same  0,  f/N,  ND/a  and  P.R.,  or  since  PR  was 
chosen  arbitrarily  as  a second  parameter  representing  the  operating  condition,  a search  may  he  made 
for  an  alternative  aerodynamic  parameter  which  might  render  SPL  independent  of  all  geometric  ratios 
As  shown  in  Section  4,  fan  broad  band  noise  is  reasonably  correlated  by  using  air  incidence  onto 
the  rotor  blade  as  this  parameter. 
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3.1.2 


Rotor-Stator-Interaction  Tones 
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Despite  the  confusing  phenomenon  of  rotor-distortion  intpractlon  tones  bping  present  on  all 
static  tpsts  of  modpl  and  full  scalp  apro  pnginp  fans,  considprablp  progress  has  been  made  to 
establish  experimentally  the  occurrance  of  these  tones  and  some  of  the  controlling  parameters. 

The  earliest  attempt,  Known  to  the  author,  to  attempt  to  calculate  the  levels  of  such  interaction 
tones  is  that  in  Ref. 3.  The  estimates  were  of  acoustic  power  level  of  the  tones  so  generated 
and  relied  heavily  on  the  work  of  Kemp  and  Sears,  Refs.  14  and  15,  and  treated  the  blades  as 
acoustically  compact  dipoles.  TTtis  relatively  simple  approach  produced  apparently  good  agreement 
and  it  is  interesting  that  although  many  more  sophisticated  methods  have  been  developed  since, 
the  main  assumptions  have  been  retained.  The  analysis  of  Ref. 3 takes  no  account  of  the  effect 
of  the  duct  on  the  propagation  and  radiative  properties  of  the  interaction  tones  but  does 
highlight  one  aspect  which  is  still  as  significant  as  ever  and  that  is  the  effect  of  the  physical 
spacing  between  the  inter-acting  blade  rows. 

3. 1.2.1  Effect  of  Rotor-Guide  Vane  Spacing 

Hetherington  (Ref. 3)  found  that  when  the  blade  rows  are  very  close  the  interaction  is 
dominated  by  the  potential  field  of  the  rotor  exciting  the  stators,  while  at  greater  distances 
the  velocity  wake  deficit  was  the  dominant  cause.  This  is  due  to  the  rapid  decay  with  distance 
of  the  potential  pressure  (or  velocity)  field  as  typically  calculated  in  section  2.1.3  and  the 
less  rapid  decay  of  the  "velocity  wake".  At  the  spacings  now  prevalent  be tween  fan  and  (XiV  s 
on  a high  bypass  ratio  engine  (g/c>l)  the  wake  deficit  is  universely  found  to  be  the  dominant 
cause  of  stator  excitation  and  the  rules  which  exist  today  are  compatible  with,  and  sometimes 
rely  completely  on,  this  assumption.  Silverstein  et  al.  Ref. 16,  found  that  wakes  of  isolated 
aerofoils  decay  at  the  ratej^l/g  where  g is  the  distance  downstream  from  the  trailing  edge  of 
the  aerofoil,  thus  giving  a spacing  effect  of  -201og  (g)  or,  more  conventionally,  since 

(g/c)  (c  is  rotor  blade  chord)  is  the  normalised  gap  the  effect  is  normally  -201og  (g/c). 

It  is  questionable  whether  isolated  aerofoil  wake  data  is  even  relevant  in  the  rotating  blade 
row  situation  where  not  only  conditions  vary  radially  but  radial  pressure  gradients  and  thus 
radial  wake  migrations  occur.  In  fact,  the  real  wake  flow  downstream  of  a rotor  is  so 
complicated  that  rules  derived  as  above  can  only  he  a rough  guide.  The  <lata  presented  in  Ref. 17 
shows  approximately  6dB  reduction  in  tone  power  in  going  from  g/c  « 2 to  4 . The  rate  is 
surprisingly  not  maintained  at  small  g/c’s  and  from  2 to  0.5  a further  increase  of  only  5dB  is 
observed.  Obviously,  freely  available  data  is  sparse  on  this  subject  probably  for  commercial 
reasons  but  an  average  rate  of  4dB/doubling  or  13log  (g/c)  represents  the  data  quoted.  Note 
this  is  slightly  different  from  that  suggested  by  Sii verstein' s wake  data!. 

3. 1.2. 2 Tone  Propagation  Through  Blade  Rows 

An  aspect  of  interaction  tone  noise  noted  frequently  is  the  difference  in  power  level 
propagated  out  through  the  inlet  (forward  arc)  from  that  radiated  from  the  downstream  nozzle 
(rearward  arc).  Since  the  source  of  interaction  tones  is  at  the  stators  it  has  been  suggested 
that  this  effect  is  due  to  the  transmission  and  reflection  properties  of  the  relatively  high 
Mach  number  flow  through  the  rotor  blade  row,  redirecting  upstream  propagating  spiral  waves  back 
downstream  and  thus  enhancing  the  rearward  arc  tone  level  at  the  expense  of  the  forward  arc. 

This  phenomenon  has  been  examined  by  Ptailpott,  Ref. 18,  who  concluded  that  of  the  blade  row 
acoustic  transmission  theories  available, the  simples t is  due  to  Amiet,  Ref^l9.  Philpott  adapted 
this  using  strip  theory  and  a radial  distribution  of  source  strengthOCM  , and  accounted  for  the 
results  from  several  fans.  A typical  estimate  from  this  approach  applied  to  the  2nd  harmonic  * 
of  blade  passing  fequency  is  illustrated  in  Fig. 15. 


3. 1.2. 4 Source  Strengths  of  Rotor-Sta tor-interactions 

Although  theoretical  treatments  are  avai’able  to  calculate  the  stator  blade  row  response  to 
wakes  they  are  of  little  value  when  the  details  of  the  real  wakes  with  which  we  are  concerned  are 
largely  unknown.  The  theories  do  suggest  that  the  strength  of  the  response  of  the  stator  row 
can  be  varied  significantly  by  altering  the  orientation  of  the  propagating  wave  fronts  relative 
to  the  chord  lines  of  the  individual  stator  blades.  This  can  be  achieved  by  altering  the  ratios 
of  blade/vane  numbers  within  the  "cut-on"  regime.  However,  no  definitive  experiments  which 
demonstrate  benefits  of  this  effect  clearly  and  unequivocally  are  available. 

The  data  in  Ref. 17  for  a 52  inch  diameter  fan  shows  higher  powers  of  fan  interaction  tone 
noise  in  the  forward  arc  at  fan  blade  tip  Machs  nearly  sonic.  This  suggests  that  if  rotor 
blockage  effects  are  at  all  important,  a significantly  higher  level  of  tone  must  be  initially 
propagated  upstream  rather  than  downstream  giving  some  credence  to  preferential  wave  front 
orientation.  Quantitative  experimental  data  on  this  effect  is  not  available. 

The  behaviour  of  the  wakes  is  largely  an  unknown  quantity  over  the  range  of  operating 
conditions  of  fans.  In  consequence  no  reliable  "a-priori"  prediction  can  be  made  of  fan 
interaction  tone  levels. 

Probably  for  commercial  reasons  again,  data  on  absolute  levels  of  rotor-stator  interaction 
tones  is  sparse  but  in  Ref. 17  some  data  is  given  showing  that  the  interaction  tone  power  level  is 
initially  negligible  and  rises  rapidly  through  "cut-off"  speed  to  produce  a near  constant  power 
’ evel  at  higher  speeds.  At  the  usual  blade-vane  spacing  of  g/c  ® 2 this  constant  level  was 
found  to  be  132dB  re  10  ^ watts  for  a 52  inch  diameter  fan,  see  Fig. 20. 


* Throughout  this  lecture  2nd  Harmonic  is  used  to  denote  twice  the  fundamental  frequency. 
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3. 1.2. 5 Sum  and  Difference  Tones 

Noise  measurements  of  multistage  compressors  and  fans  with  small  substages  have  shown, 
see  Fig. 21,  that  frequencies  representing  the  blade  passing  of  each  row  are  observed  plus 
sums  and  differences  of  those  frequencies.  This  can  occur  due  to  any  one  of  a variety  of 
interaction  processes  involving  the  moving  and  stationary  blade  lows. 

A possible  cause  of  this  phenomena  can  be  explained  physically  by  considering  a 
propagating  interaction  of  the  downstream  rotor  row  with  the  preceding  stator  wakes.  The 
observed  frequency  would  be  the  downstream  rotor  blade  passing  frequency.  Now  suppose  that 
the  now  around  the  stators  is  excited  (modulated)  by  the  flow  from  the  upstream  rotor,  then 
the  stator  wakes,  and  therefore  the  amplitude  of  the  downstream  rotor  interaction  tone,  will 
be  modulated  at  the  upstream  rotor  blade  passing  frequency.  Spectral  analysis  of  such  an 
acoustic  signal  will  show  the  downstream  rotor  blade  frequency  plus  and  minus  the  upstream 
rotor  blade  frequency. 

It  is  important  to  realise  that  this  is  only  one  of  several  plausible  hypotheses  for 
the  cause  and  in  due  course  no  doubt  experiments  will  define  the  important  mechanisms. 


BROAD  BAND  NOISF  OF  FANS 

The  random  nature  of  broad  band  noise  has  made  it  more  difficult  initially  to  define  the 
sources.  However,  it  has  been  found,  not  unexpectedly,  that  the  level  of  broad  band  noise 
produced  by  a fan  rises  with  speed  and  with  aerodynamic  loading  (throttling).  In  Ref.l?  with 
limited  data  these  general  observations  on  a family  of  three  fans  were  correlated  using  fan 
tip  Mach  number  and  the  aerodynamic  D-factor  to  represent  the  loading.  (I>o  parameters,  as 
found  necessary  in  Section  2.5). 

Recently,  more  comprehensive  data  from  a wide  variety  of  aero  engine  fan  cesigns  has  been 
examined,  Ref. 20,  and  concluded  that  a better  correlation  is  produced  by  takinv  rotor  relative 
Mach  number  and  tip  incidence  as  the  primary  parameters.  It  is  also  found  that  the  dominant 
noise  source  is  self-excited  noise  of  the  rotor  and  any  stator  based  sources  are  usually  not 
significant.  This,  incidentally,  is  the  form  of  prediction  in  Ref. 4 of  ten  vears  earlier  but 
this  later  finding  is  based  on  more  representative  experimental  data. 

In  common  with  interaction  tones  (but  apparently  not  with  rotor  -distort! on  tones),  rotor 
blockage  has  a profound  effect  on  the  distribution  of  broad  band  noise  radiated  forward  and 
rearward  respectively.  It  is  not  convenient  to  treat  broad  band  noise  by  the  same  techniques 
as  are  successful  with  discrete  tones  and  the  rotor  blockage  effect  is  observed  on  a purely 
empirical  basis.  The  ratio  forward  to  rearward  acoustic  power  is  found  to  be  (1  - M®):(l  + M®). 

This  ratio  is  combined  with  an  assumed  source  strength  which  varies  radially  in  propoition  to 

M®. 

The  resulting  correlations  found  in  Ref. 20  are  shown  in  Figs. 17  and  18.  The  SPL's 
assessed  there  are  the  level  of  the  peak  *jrd  octave  band  which  occurs  at  30°  in  the  forward  arc 
and  around  110°  in  the  rearward  arc.  The  levels  in  other  Ijrd  octave  bands  can  be  assessed  by 
using  Fig. 19. 

Although  there  is  no  pretence  in  Rel.20  that  dimensional  analysis  was  used  to  any  great 
degree  in  the  detailed  studies  the  final  form  of  the  correlations  can  be  related  very  closely 
to  the  form  suggested  by  the  analysis  in  Section  2.5.  Namely,  that: 

(i)  Two  parameters  representing  the  aerodynamic  conditions  are  necessary. 

(ii)  The  peak  frequency  scales  with  speed  (actually  blade  passing  frequency). 

The  scatter  of  results  still  evident  in  Figs. 17  and  18  is  attributed  by  the  authors  of 
Ref. 20  to  other  design  parameters  of  the  fans.  This  is  clearly  consistent  with  any  one  of  the 
unspecified  geometric  parameters  which  the  dimensional  analysis  includes.  Mora  importantly,  the 
analysis  of  Section  2.5  concludes  that  the  SPL  should  strictly  be  normalised  by } 
not  Just and  it  may  be  that  in  comparing  fans  of  different  pressure  ratios  * ' 

the  extra  terms  could  be  signlfioant  and  may  account  for  some  of  the  scatter.  The 
consistency  of  the  observed  broad  band  noise  levels  and  the  law  suggests  that  dipole- type 
sources  are  dominating  and  that  these  sources  are  due  to  turbulence  interacting  with  hard  surfaces. 
The  strong  rotor  blockage  effects  clearly  shown  in  the  broad  band  noise  data  are  good  evidence 
that  the  sources  are  in  the  downstream  region  of  the  rotor  flow,  but  apparently  for  the  results 
shown  are  associated  with  the  rotor  blades  and  not  the  exit  guide  vanes. 


MULTIPLE  PURF  TONE  OR  "BUZZ-SAW"  NOISE 

The  nature  of  the  shock  and  expansion  flow  field  existing  upstream  of  fan  running  at  super- 
sonic tip  speeds  can  be  treated  using  two-dimensional  theory  to  determine  the  propagation  of  an 
Initially  slightly  uneven  shock  pattern.  This  "ordered"  or  deterministic  approach  while  helpful 
in  explaining  the  phenomenon  is  not  easily  applicable  since  it  requires  a determination  or 
assumption  of  the  initial  variability  in  the  individual  shock  strengths.  Since  the  blades  are 
usually  designed  to  have  identical  shapes,  this  variability  is  deliberately  small.  In  fact,  it 
is  better  to  allow  for  this  variability  by  some  statistical  representation  and  calculate  the 
typical  development.  This  approach  has  been  investigated  at  length  in  Ref. 17  and  it  appears  that 
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• while  fan  blades  with  concave  leading  (suction)  surfaces  should  produce  on  average  less 

surviving  ( uncombined ) shocks  at  the  intake  face,  they  will  produce  more  noise  than  a fan  with 
convex  leading  surfaces.  The  absolute  level  is  dependent  on  the  variability  of  the  initial 
shocks  and  is  better  obtained  empirically. 

: 

Figure  22,  from  Ref. 17,  shows  the  variations  of  normalised  sound  power  with  rotor  tip  Mach 
number  from  two  large  scale  fans.  The  directivity  of  this  sound  power  can  be  predicted  as 
indicated  in  Section  2.3.2  and  this  is  shown  in  Fig. 23  where  the  computed  directivity  s plotted 
as  a function  of  cut-off  ratio.  The  latter  can  be  calculated  for  any  engine  order,  by  recalling 
that  all  engine  orders  rotate  at  shaft  speed.  Note  that  engine  orders  which  are  "cut-off"  are 
observed  not  to  radiate  efficiently. 

The  spectrum  of  "buzz-saw"  noise  is  naturally  random  but  usually  is  dominated  by  a 
pronounced  peak  in  SPL  at  engine  orders  near  half-blade  passing  frequency. 


6.  CONCLUDING  RFMARKS 

This  lecture  has  attempted  to  describe  the  current  state  of  general  knowledge  of  the 
mechanisms  and  control  of  Aero  Engine  Fan  Noise.  The  limited  understanding  of  some  features  is 
obvious  and  there  are  obviously  ongoing  investigations  which  will  render  outdated  some  of  the 
statements  here.  It  is  worth,  by  way  of  a very  brief  statement  of  understanding  as  seen  by  the 
author,  summarising  the  state  of  the  art. 

6 . 1 Subsonic  Tone  Noise  Situation 

The  theory  and  mechanisms  of  tone  noise  generated  by  fans  at  subsonic  speeds  are  reasonably 
well  understood  and  control  by  "cut-off"  is  widely  applied.  Control  by  wave  orientation  (also 
due  to  blade/vane  numbers)is  probably  not  widely  understood,  nor  is  it  experimentally  proven.  No 
practical  means  of  reducing  this  source  by  reducing  the  stator  response  has  been  suggested  or 
demonstrated,  but  some  promise  lies  in  controlling  rotor  wakes  as  a means  of  reducing  this  source 
of  noise. 

Means  are  actively  being  developed  to  eliminate  the  distortion-interaction  tones  on  static 
tests  which  mask  the  interaction  tones  that  are  important  in-flight. 

6.2  Broad  Band  Noise 

Good  empirical  correlations  are  tending  to  indicate  that  some  sort  of  base  level  of  broad 
band  noise  generation  has  been  reached  which  is  possibly  dipole  in  nature.  The  precise  source 
is  not  obvious,  however,  although  the  evidence  suggests  it  is  the  flow  in  the  region  of  the  rotor 
tip  since  it  correlates  on  tip  relative  Mach  number  and  incidence. 
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Mutliple  Pure  Tone  Noise 


Here,  the  mechanism  is  understood  and  can  be  calculated  given  sufficient  rotor  blading 
details.  The  source  is  related  closely  to  the  manufacturing  tolerances  of  the  fan  blades  and 
probably  can  be  controlled  only  little  at  source.  Conveniently,  acoustic  linings  are  particularly 
effective  in  reducing  this  source  in  practice. 


It  has  not  been  the  intention  to  carry  out  a complete  review  here  of  the  literature  on  fan 
noise,  nor  to  present  all  the  theory  which  might  be  relevant,  but  simply  to  present  that  theory 
that  can  be  usefully  applied  today.  For  the  former  purposes  the  review  paper  by  Morfey,  Ref. 21, 
surveys  the  field  well  and  lists  as  references  roost  of  the  relevant  papers. 
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AIRFRAME  SELF-NOISE  — FOUR  YEARS  OF  RESEARCH 
Jay  C.  Hardin 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665,  U.S.A. 


SUMMARY 

This  paper  presents  a critical  assessment  of  the  state  of  the  art  In 
airframe  self-noise.  Full-scale  data  on  the  intensity,  spectra,  and  direc- 
tivity of  this  noise  source  are  evaluated  in  the  light  of  the  comprehensive 
theory  developed  by  Ffowcs-Wl 11 iams  and  Hawkings.  Vibration  of  panels  on 
the  aircraft  is  identified  as  a possible  additional  source  of  airframe  noise. 
The  present  understanding  and  methods  for  prediction  of  other  component 
sources  — airfoils,  struts,  and  cavities  — are  discussed  and  areas  for 
further  research  as  well  as  potential  methods  for  airframe  noise  reduction 
are  identified.  Finally,  the  various  experimental  methods  which  have  been 
developed  for  airframe  noise  research  are  discussed  and  sample  results  are 
presented . 
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INTRODUCTION 

The  importance  of  airframe  self-noise  as  the  "ultimate  noise  barrier"  to  the  reduction  of  noise 
levels  produced  by  future  commercial  aircraft  was  recognized  just  4 years  ago  as  a result  of  NASA- 
sponsored  research  on  the  Advanced  Technology  Transport. * This  work  included  preliminary  calculations, 
based  upon  sailplane  data,  which  indicated  that  the  nonpropulsive  noise  produced  by  a large  subsonic 
aircraft  on  landing  approach  lay  only  approximately  10  EPNdB  below  the  FAR-36  certification  levels.  The 
surprisingly  high  intensity  of  this  hitherto  neglected  noise  source  could,  if  verified,  impose  a trouble- 
some lower  bound  on  aircraft  noise  reduction.  Thus,  significant  research  efforts  toward  experimental 
evaluation  of  the  magnitude  and  characteristics  of  airframe  self-noise  were  stimulated. 

Verification  of  the  existence  of  these  high  levels  involved  ground  measurements  of  noise  produced  by 
large  aircraft  during  landing  approach  flyovers.  Such  measurements  are  difficult  to  make  and  Interpret 
since,  for  safety  reasons,  such  aircraft  usually  cannot  be  flown  without  power  (deadstick).  Thus,  there 
is  the  necessity  for  some  method  of  separating  the  airframe  or  nonpropulsive  noise  from  the  engine  noise, 
as  well  as  for  accurate  determination  of  the  aircraft  position  and  velocity  for  correlation  with  noise 
data.  Nevertheless,  the  work  was  pursued  with  the  result  that  the  predicted  levels  were  generally  con- 
firmed. For  example.  The  Boeing  Company  has  cited  measured  airframe  noise  levels  for  the  727  and  747 
aircraft2  approximately  8 EPNdB  below  FAR-36  standards. 

The  significance  of  this  lower  bound  set  by  airframe  noise  lay  in  its  impact  on  future  noise  regula- 
tions. Since  it  would  be  counterproductive  to  require  engine  noise  levels  much  below  those  of  nonpropul- 
sive sources,  the  potential  for  further  overall  aircraft  noise  reductions  is  limited  unless  nonpropulsive 
noise  generation  can  be  controlled. 

For  this  purpose,  airframe  self-noise  research  was  begun,  with  the  goals  of  under standing  the  genera- 
tion and  propagation  of  aircraft  nonpropulsive  noise  as  well  as  its  reduction  at  the  source.  The  1 irst 
such  attempts  were  empirical  in  nature,  involving  correlations  of  airframe  noise  measurements  with  gross 
aircraft  parameters  such  as  weight,  velocity,  and  aspect  ratio. 3 Such  studies  led  to  useful  prediction 
schemes  but  did  little  to  identify  and  rank  order  the  sources  of  the  noise.  Gradually,  however,  some 
understanding  of  the  actual  sources  and  their  relative  importance  began  to  emerge.  For  the  "clean" 

(cruise  configured)  aircraft,  it  is  now  generally  conceded  that  the  primary  sources  are  associated  with 
the  interactions  of  the  wake  of  the  wing  with  the  wing  itself,  while  for  the  "dirty"  (landing  configured) 
aircraft,  noise  generated  by  the  flaps  and  the  landing  gear/wheel  well  combination  becomes  dominant. 
Attempts  are  now  being  made  to  study  these  individual  component  sources  in  isolation  in  order  to  better 
characterize  the  physical  mechanisms  involved. 

This  paper  contains  a critical  assessment  of  the  present  understanding  of  airframe  self-noise  in 
order  to  identify  potential  methods  of  noise  reduction  as  well  as  to  highlight  areas  where  further  research 
is  needed.  A review  of  full-scale  data  on  the  magnitude,  spectra,  and  directivity  of  this  type  of  aircraft 
noise  is  presented,  followed  by  a discussion  of  theory  in  an  attempt  to  establish  a theoretical  framework 
which  can  explain  the  observations.  Analytical  models  for  noise  generation  by  the  individual  component 
sources  are  reviewed,  and  the  various  measurement  techniques  now  being  employed  in  airframe  noise  research 
are  evaluated. 


AN  OVERVIEW  OF  AIRFRAME  NOISE 

There  are  many  potential  sources  of  airframe  noise  on  an  aircraft,  as  shown  schematically  in  Figure  1. 
Each  of  these  sources  is  believed  to  have  its  own  characteristic  amplitude,  spectrum,  and  directivity.  If 
one  measures  the  overall  airframe  noise  produced  by  an  aircraft,  one  sees  the  resultant  produced  by  the 
summation  of  these  individual  sources.  While  this  may  be  confusing  from  the  standpoint  of  defining  and 
evaluating  mechanisms,  it  is,  nevertheless,  the  noise  field  of  ultimate  interest.  Thus,  it  may  be  useful 
to  review  available  overall  airframe  noise  measurements. 

A table  listing  65  data  points  published  prior  to  1975  has  been  compiled  by  Hardin  et  al.*  However, 
many  of  these  early  data  were  obtained  using  less  than  optimum  measurement  and  analysis  techniques. 
Microphones  were  often  pole  mounted  in  order  to  compare  results  with  certification  levels,  determination 
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of  the  aircraft  position  and  velocity  was  crude,  and  only  minimal  efforts  to  remove  the  effects  of 
residual  engine  noise  were  made.  Recently,  however,  two  studies  which  attempt  to  overcome  these  objections 
were  pub  1 i shed . 

The  first  of  these  studies^  presented  measurements  of  A erocommander t JetHtar , CV-990,  and  B-747  air- 
craft. The  microphones  were  mounted  flush  with  the  ground  to  remove  spectral  distortion  produced  by 
reflection  and  radar  was  employed  to  track  the  aircraft  as  it  t lew  a nearly  constant  airspeed  glide  slope 
over  the  microphone  array.  Some  data  obtained  in  this  study  for  the  clean  configurations  are  listed  in 
Table  1 and  are  plotted  in  Figure  2.  The  data  in  Figure  2 were  normalized  to  an  altitude  of  152  meters 
bv  assuming  an  inverse  square  dependence  on  distance  but  were  not  corrected  for  pressure  doubling  effects 
due  to  the  flush  mounting  of  the  microphones.  Data  f rora  Reference  5 on  the  Aeroi oramander  are  not  Included 
as  this  aircraft  is  propeller  driven  and  exhibited  significantly  higher  normal ized  sound  levels  which  the 
authors  attributed  to  noise  generation  by  the  feathered  propellers. 

Also  presented  in  Table  1 and  Figure  2 are  clean  configuration  data  on  the  HS125,  BAC111,  and  VC10 
obtained  by  Felhney.^  This  study  employed  flush-mounted  microphones  and  a klne-theodol 1 te  system  for 
precise  position  tracking,  repeat  flights  to  reduce  statistical  variability  in  the  data,  and  extensive 
efforts  to  determine  and  remove  residual  engine  noise  from  the  data.  These  data  on  the  figure  are  also 
normalized  to  an  altitude  of  152  meters  and  are  not  corrected  for  ground  augmentation.  Reference  b also 
contained  data  on  the  HP115,  a delta-winged  research  aircraft,  which  is  not  included  herein  due  to  the 
fact  that  it  had  nonretractable  landing  gear. 

The  data  presented  in  Figure  2 indicate  the  airframe  noise  level  directly  beneath  the  various  clean 
configured  aircraft  flying  at  an  altitude  of  152  meters  as  a function  of  airspeed.  Also  shown  on  the 
figure  is  a line  indicating  the  expected  behavior  if  these  levels  exhibited  fifth-power  dependence  on 
velocity.  By  noting  the  sets  of  data  points  for  individual  aircraft,  it  can  be  seen  that  the  velocity 
dependence  is  approximately  the  fifth  power . This  is  a lower  velocity  dependence  than  would  be  observed 
for  a dipole  source. 

The  airframe  noise  levels  generated  in  the  landing  configuration  are  believed  to  be  more  dependent 
upon  the  detailed  design  of  the  aircraft  than  those  of  the  cruise  configuration.  Several  additional  com- 
ponents such  as  leading-edge  slats,  t rai 1 ing-edge  flaps,  landing  gear,  and  wheel  wells  are  deployed  during 
landing  whose  relative  contributions  to  the  overall  noise  may  vary  considerably  from  aircraft  to  aircraft. 
Further,  these  sources  are  not  necessarily  independent,  but  may  interact  with  each  other  due  to  changes  in 
the  total  flow  field.  Although  it  is  difficult  to  directly  measure  the  effects  of  the  individual  compo- 
nents  on  the  airframe  noise,  Fethney^  made  some  estimates  based  upon  measurements  for  the  V("10.  The  data 
shown  in  Figure  3 for  comparison  are  decibel  increases  over  the  clean  configuration  overall  sound  pressure 
level  as  produced  by  several  different  flight  conditions.  The  total  change  in  airframe  noise  level  from 
the  cruise  to  approach  configurations  for  this  aircraft  was  11  dB.  Either  flap  deployment  or  landing  gear 
deployment  with  open  wheel  well  is  estimated  to  account  for  about  9 dB  individually.  Note  that  the  differ- 
ence in  noise  level  between  open  and  shut  undercarriage  doors  is  estimated  to  be  about  4 dB.  This  seems 
to  indicate  that  substant  lal  noise  may  be  generated  by  large  open  cavities  which  suggests  a method  for 
noise  reduction  on  those  aircraft  whose  undercarr lags  doors  normally  remain  open  after  gear  deployment. 

Based  upon  early  measurements.  Mealy?  suggested  that  airframe  noise  directly  below  an  aircraft  pro- 
duced a "haystack"  type  spectrum  which  peaked  at  a constant  Strouhal  number  based  on  airspeed  and  a char- 
acteristic wing  thickness.  More  recent  measurements  indicate  a much  more  complex  spectrum.  Figure  4 
displays  the  peak  one-third-octave  band  spectra  normal Ized  to  equal  overall  sound  pressure  levels  (OASPL) 
for  the  clean  configured  Jetstar,  CV-990,  and  747  aircraft  as  measured  by  Putnam  et  al.^  Although  such 
measurements  are  complicated  due  to  the  fact  that  the  moving  source  produces  a nonstat ionarv  signal, 
third-octave  analyses  are  generally  reliable  as  long  as  short  averaging  times  are  employed.  Note  that  the 
spectra  exhibit  two  peaks,  a lower  one  in  the  vicinity  of  200  Hz,  which  corresponds  roughly  to  the  fre- 
quency predicted  by  Healy's  Strouhal  relation,  and  a higher  one  near  1250  Hz.  However,  Putnam  et  al . 
stated  the  surprising  result  that  the  shape  of  these  spectra  and  the  position  of  the  peaks  showed  no  con- 
sistent change  with  airspeed.  Spectra  for  the  HS125  and  BAClll  obtained  bv  Fethney^  display  the  same 
shape  and  peak  location. 

The  change  in  spectrum  shape  for  the  VC10  in  going  from  the  clean  to  dirty  >nf igurat ions  is  illus- 
trated by  the  data  of  Figure  5.  The  character  1st ic  double  peaked  clean  spectrum  is  not  discernible  for 
this  aircraft.  The  major  difference  in  the  dirty  conf igurat Ion  spectrum  is  a broadband  increase  in  level, 
particularly  at  the  low-frequency  end.  Figure  b shows  a narrow-hand  analysis  of  the  low-frequency  portion 
of  spectra,  similar  to  those  of  Figure  5,  obtained  under  somewhat  different  flight  conditions.  Note  the 
appearance  of  narrow  peaks  in  both  the  clean  and  dirty  * onf igurat ions . 

The  directivity  of  airframe  noise  has  only  recently  begun  to  be  explored  and  only  a modest  amount  of 
data  exist  in  the  open  literature.  Figures  7 and  H depict  spectra  directly  below  and  to  the  side, 
respect  1 vely,  of  the  HP115  aircraft  in  the  cruise  conf Igurat ion.  (Note  that  this  aircraft  has  a non- 
retractable landing  gear.)  Although  this  is  a delta-wing  craft,  it  exhibits  essentially  the  same  spectral 
shape  below  as  that  observed  by  Putnam  et  al.<>  for  more  convent iona 1 conf igurat ions . To  the  side,  however, 
the  higher  frequency  peak  shifts  f rt*n  about  1 kHz  to  2 kHz.  This  behavior  indicates  that  different  noise 
sources  may  dominate  at  different  angles  with  respect  to  the  aircraft. 


Figure  9 portrays  the  reductions  In  measured  overall  noise  levels  (over  those  directly  below  the  air- 
craft) with  sideline  distance  for  the  four  aircraft  tested  by  Fethnev.**  These  data  are  compared  with  pre- 
dicted reductions  based  upon  considering  the  total  aircraft  either  as  a point  monopole  (solid  curve)  or  as 
a point  dipole  (dashed  curve)  oriented  In  the  lift  direction.  The  f a« t that  the  dat  i cluater  about  the 
solid  curve  indicates  a monopole- 1 ike  fail  off  to  the  side.  Similar  behavior  has  been  observed  by  Lasagna 
and  Putnam**  for  the  Jetstar  aircraft  in  the  landing  configuration.  This  result  is  important  in  its  impli- 
cations for  the  source  type  dominant  in  airframe  noise  as  well  as  for  the  airframe  noise  "footprint." 


Figure 
aircraf  t . ^ 


10  shows  airframe  noise  measurements  in  the 
The  data  have  been  corrected  for  an  inverse 


flyover  plane  for  a clean  configured  Douglas  IN’- 10 
square  falloff  with  distance  and  are  plotted  as  a 
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function  of  A,  the  angle  of  the  approaching  aircraft  with  respect  to  the  horizontal.  (Before  normalizing, 
the  airframe  noise  peaked  slightly  before  the  aircraft  was  directly  overhead.) 

The  above  measured  data  are  compared  with  calculated  values  of  the  sum  of  two  dipoles  oriented, 
respectively,  in  the  lift  and  drag  directions.  Note  that  the  main  directivity  features  of  the  measure- 
ments are  supported  by  the  calculations.  The  best  agreement  between  the  measured  data  and  this  theoreti- 
cal approach  is  obtained  when  the  dipoles  are  negatively  correlated. 
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A THEORETICAL  BASIS  FOR  AIRFRAME  NOISE 


The  most  inclusive  theoretical  basis  for  the  study  of  sound  production  by  the  airframe  is  that  devel- 
oped by  Ffowcs-Wlll  iams  and  Hawkings*®  who  extended  the  Lighthill-Cur  ie**“*^  theory  of  aerodynamic  sound 
generation  to  include  arbitrary  convection  motion.  For  this  case,  the  wave  equation  governing  the  genera- 
tion and  propagation  of  sound  admits  the  general  solution 
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This  solution  implies  that  the  sound  sources  may  be  represented  by  a quadrupole  distribution  related  to 
the  Lighthill  stress  tensor  Tjj  within  the  volume  of  turbulence,  a surface  distribution  of  dipoles 
dependent  upon  the  compressive  stress  tensor  p,,  and  a surface  distribution  of  monopoles  produced  by  the 
normal  velocity  of  the  surface  vn.  Ffowcs-Wil llams  and  Hawkings*®  further  showed  that,  for  the  case  of  a 
rigid  surface,  the  monopole  distribution  degenerates  into  a distribution  of  dipoles  and  quadrupoles  through- 
out the  volume  contained  within  the  surface. 


In  the  majority  of  airframe  noise  research  to  date,  the  aircraft  has  been  assumed  to  be  rigid.  Appli- 
cation of  this  assumption  in  the  above  theory  implies  that  airframe  noise  consists  of  a distribution  of 
dipoles  and  quadrupoles.  Further,  at  the  low  Mach  numbers  of  interest  (approximately  0.3  for  landing 
approach),  the  quadrupole  distribution  has  been  neglected.  Thus,  airframe  noise  sources  have  been  con- 
sidered as  dipole  in  nature.  These  dipole  sources  have  also  been  assumed  to  be  compact  and,  often,  replaced 
by  equivalent  point  dipoles  acting  at  the  center  of  the  distribution. 

Several  aspects  of  experimental  data  regarding  airframe  noise  are  difficult,  if  not  impossible,  to 
explain  in  terms  of  such  a theory. 

First,  the  velocity  dependence  of  airframe  noise  has  consistently  been  found  to  be  ’ess  than  the 
sixth  power  which  would  be  expected  of  an  aerodynamic  dipole.  This  result  has  led  to  considerable  interest 
in  the  theories  of  Ffowcs-Will iams  and  Hall*^  and  Powell.*^  They  considered  the  radiation  from  a volume  of 
turbulence  near  the  edge  of  a rigid  half  plane  and  found  that  the  sound  production  of  quadrupoles  with  axes 
in  a plane  normal  to  the  edge  was  enhanced  such  that  the  far-field  sound  intensity  varied  as  the  fifth 

power  of  the  typical  fluid  velocity.  However,  there  was  no  enhancement  of  quadrupoles  with  axes  parallel 

to  the  edge. 

Second,  the  definite  monopole-like  sideline  directivity  of  airframe  noise,  which  has  been  observed  by 
independent  research  groups,  is  hard  to  understand  on  the  basis  of  a purely  dipole  theory.  Certainly,  it 
is  possible  for  three  mutually  perpendicular  dipoles  to  masquerade  as  a monopole.  However,  this  requires 
them  to  be  statistically  independent  and  of  equal  amplitude.  While  it  is  not  hard  to  imagine  the  overall 
fluctuating  lift  and  drag  forces  on  an  aircraft  to  be  the  same  order  of  magnitude,  a fluctuating  side  force 

of  equal  strength  is  more  difficult  to  visualize.  About  the  only  place  where  such  a force  could  exist  in 

the  clean  coni igurat ion  is  on  the  vertical  tail.  However,  since  it  is  much  smaller  in  area  than  the  wing 
surface,  much  higher  fluctuating  pressures  on  its  surface  would  be  required. 

Finally,  the  source  of  the  high-frequency  peak  in  the  airframe  noise  spectrum  (see  Fig.  4)  is  puzzling. 
This  peak,  which  was  observed  by  both  Putnam  et  al.^  and  Fethney,^  is  higher  in  frequency  than  that  expected 
from  known  wing  noise  mechanisms  and  seems  to  be  relatively  insensitive  to  airspeed.  Since  the  frequency 
of  an  aeroacoustic  source  ordinarily  scales  on  airspeed,  the  presence  of  this  peak  suggests  the  possibility 
of  radiation  from  fundamental  vibratory  modes  of  the  aircraft  structure.  Although  such  vibration  has  not 
previously  been  considered  as  a source  of  airframe  noise.  Just  such  a spectral  peak  has  been  observed  by 
Davies***  who  investigated  sound  produced  by  turbulant  boundary- layer  excited  panels.  Shown  in  Figure  11 
is  the  one- t hird-octave  band  spectrum  of  acoustic  power  radiated  by  a 0. 28-meter  by  0.33-meter  steel  panel 
of  0.08  mm  thickness  which  was  mounted  in  the  side  of  a low-turbulence  wind  tunnel.  Davies  found  that  the 
frequency  of  this  peak  was  reasonably  independent  of  flow  speed. 

A similar  spectrum  has  also  been  observed  by  Maestrello*^  who  reported  interior  measurements  in  an 
unupholstered  Boeing  720  aircraft.  Shown  in  Figure  12  are  spectra  of  panel  acceleration  as  well  as  sound 
pressure  level  close  to  the  panel  for  the  aircraft  in  flight  at  a Mach  number  of  0.87  and  an  altitude  of 
7700  meters.  Also  shown  are  the  changes  in  these  spectra  with  cabin  pressure.  Maestrellq  notes  that  the 
sound  pressure  level  varies  as  the  fifth  power  of  velocity.  He  further  observes  that  most  sound  radiation 
• "met  from  the  edges  of  the  panels  and  demonstrates  methods  for  noise  reduction  by  stiffening  the  panel 
boundaries.  If  panel  vibration  is  truly  responsible  for  the  high-frequency  peak  observed  in  airframe  noise 
radiation,  Maestrello’s  techniques  offer  a direct  method  of  noise  reduction. 


The  above  phenomena  emphasize  the  necessity  of  a closer  look  at  the  assumptions  employed  in  the  theory 
of  airframe  noise.  While  it  is  wise  to  recall  that  there  are  many  absolutely  equivalent  formulations  of 
aeroacoustic  sources,  the  enhancement  of  quadrupole  sources  in  the  vicinity  of  an  edge  as  predicted  by 
Ff owcs-Wl 1 1 iams  and  Hall***  and  Powell*^  suggests  that  quadrupole  terms  in  any  theoretical  formulation 
should  not  be  dismissed  lightly.  Further,  the  evidence  cited  previously  which  indicates  that  vibration 
may  be  a source  of  airframe  noise  brings  into  question  the  assumption  of  rigidity.  If  the  surface  vibrates, 
the  monopole  source  term  in  Equation  (1)  may  dominate  which  would  explain  the  monopole-like  sideline 
directivity  that  has  been  observed.  Of  course,  there  is  still  no  mass  addition  to  the  flow  but,  due  to 
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the  size  of  the  body,  each  point  on  the  surface  may  be  acting  as  a baffled  piston  unable  to  effectively 
Interfere  with  Its  mate  of  opposite  phase  elsewhere.  The  large  size  of  the  body  also  sheds  doubt  on  the 
assumption  of  compactness.  The  spatial  extent  of  the  source  region  Is  of  the  order  of  the  span  of  the 
I aircraft  while  a typical  frequency  of  Interest  has  a wavelength  of  0.5  meter.  It  Is  possible  to  take  Into 

account  the  correlation  length  of  the  source  distribution  and  replace  each  correlated  region  by  a point 
source  as  suggested  in  Reference  18.  However,  even  the  correlation  length  may  be  of  the  order  of,  or 
larger  than,  the  wavelength.  Thus,  the  assumption  of  compact  sources  cannot  be  rigorously  justified. 
Further,  this  "component  source  technique"  neglects  diffraction  of  the  sources  by  the  fuselage  which  may 
be  important  in  airframe  noise  and  could  be  partially  responsible  for  the  observed  directivity  pattern. 
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COMPONENT  SOURCES  OF  AIRFRAME  NOISE 

As  noted  earlier  in  this  paper,  airframe  noise  Is  the  resultant  of  many  different  noise  generating 
mechanisms.  Thus,  in  order  to  render  the  research  problem  more  manageable,  it  is  prudent  to  identify  and 
evaluate  these  individual  sources. 

The  work  of  Curie, 13  who  extended  Lighthlll 's^l *12  theory  to  include  the  case  where  rigid  bodies  are 
present  within  the  field  of  interest,  showed  that  the  sound  generation  in  the  presence  of  a body  could  be 
expressed  by  a distribution  of  dipoles  over  its  surface  in  addition  to  the  usual  volume  integral.  The 
strength  of  these  dipoles  is  related  to  the  fluctuating  pressure  experienced  by  the  surface.  This  theory 
is  exact  and  highly  useful  for  computational  purposes.  However,  it  has  led  to  a certain  amount  of  con- 
fusion about  the  roles  of  surfaces  in  sound  generation.  Actually,  a rigid  surface  can  produce  no  sound, 
as  can  be  seen  by  noting  that  the  acoustic  energy  flux  must  approach  zero  close  to  a rigid  surface. 

Thus,  the  true  sources  of  sound  are  disturbances  within  the  flow  field  itself  and  the  surface  can  act  only 
in  changing  the  strengths  of  these  volume  sources  and  in  reflecting  and  diffracting  the  sound  they  produce. 
The  fact  that  the  flow  disturbances  generate  the  fluctuating  pressures  on  the  surface  is  responsible  for 
the  alternate  description  of  the  sound  production.  The  importance  of  this  result  is  that  it  emphasizes 
the  vital  role  played  by  the  local  flow  field  about  the  airframe  components.  Little  is  known  about  such 
f lows . 

The  many  different  noise  generating  mechanisms  which  comprise  airframe  noise  can  be  crudely  classed 
in  terms  of  three  simple  models,  that  is,  noise  generation  by  cylinders,  streamlined  bodies,  and  cavities. 
Although  the  geometry  of  real  aircraft  may  differ  substantially  from  the  models  which  have  been  analytically 
and  experimentally  studied,  it  is  assumed  that  the  basic  noise  generation  mechanisms  remain  valid.  As  a 
comprehensive  review  of  the  literature  has  been  attempted  by  Hardin  et  al.,^  only  the  best  present  under- 
standing of  these  mechanisms  will  be  discussed. 


Cylinders 

Perhaps  the  simplest  and  best  understood  of  all  examples  of  sound  generation  by  flow/surface  inter- 
action is  that  of  a cylinder  in  a flow.  Fortunately,  this  is  also  a useful  example  as  the  entire  under- 
carriages of  aircraft  are  constructed  essentially  of  cylinders  of  various  lengths  and  orientations.  As  the 
flow  attempts  to  negotiate  the  cylindrical  contour,  it  separates  from  the  surface  creating  a turbulent 
wake.  This  wake  is  highly  vortical  which  results  in  a solenoidal  velocity  field  that  induces  fluctuating 
forces  on  the  cylinder  in  the  streamwise  and  normal  directions.  The  situation  is  shown  schematically  in 
Figure  13. 

The  exact  nature  of  the  wake  and,  thus,  the  sound  produced  is  highly  dependent  upon  the  Reynolds  num- 
ber (Re  - Ud/v.  where  U is  the  flow  speed  and  d is  the  cylinder  diameter)  of  the  flow.  Typical 
Reynolds  numbers  for  aircraft  undercarriage  components  during  landing  approach  are  in  the  range  10^  to 
1()6.  In  this  range,  the  classical  periodic  Von  Karman  vortex  street  breaks  down  and  the  wake  becomes 
random.  The  most  relevant  work  in  this  area  is  that  by  Fung^O  who  studied  the  fluctuating  lift  and  drag 
forces  on  cylinders  for  the  range  3 x 10^  < Re  < 1.4  x 10^.  He  found  the  root-mean-square  fluctuating 
lift  and  drag  coefficients  to  be  0.13  and  0.04,  respectively,  that  is 
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where  the  overbar  indicates  a time  average,  q - 1/2  pQU  is  the  dynamic  pressure  and  Ap  - £d  is  the 
projected  area  where  l and  d are  the  length  and  diameter  of  the  cylinder,  respectively.  Unfortunately, 
the  correlation  of  these  lift  and  drag  forces  was  not  measured.  The  manner  in  which  they  are  correlated 
could  have  a significant  effect  on  the  noise  produced. 


In  the  case  of  a cylindrical  component  of  an  aircraft,  if  it  is  assumed  that  wavelengths  of  the  sound 
produced  are  large  compared  with  the  dimensions  of  the  cylinder,  retarded  time  differences  in  the  source 
region  may  be  neglected  and  the  sound  calculated  as  if  from  a moving  point  dipole  through  the  theory  of 
Lowson.^l  Further,  in  the  absence  of  any  information  on  the  correlation  of  fluctuating  lift  and  drag  and 
noting  that  the  RMS  drag  is  only  a third  of  the  lift,  the  drag  contribution  will  be  neglected  entirely. 
Thus,  assuming  the  ^ircraft  to  be  flying  at  the  constant  airspeed  U,  the  acoustic  pressure  at  the 
observer  location  x is  given  by 
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where  $ is  the  angle  between  the  force  and  the  observer  direction  and  Mr  * M cos  0 where  M ■ U/a 
and  0 Is  the  angle  between  the  flight  path  and  the  observer  direction.  Thus,  taking  the  aircraft  to  be 
far  enough  from  the  observer  that  changes  in  B»  0,  and  r are  negligible  over  the  time  for  which  the 
fluctuating  force  is  correlated,  the  spectrum  of  acoustic  pressure  at  the  observer  location  is  related  to 
the  spectrum  of  the  fluctuating  lift  through 
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Measurements  of  the  spectrum  of  the  fluctuating  lift  on  a circular  cylinder  in  the  appropriate 
Reynolds  number  range  have  also  been  obtained  by  Fung.  ® Figure  14  presents  Fung's  data  on  the  normalized 
power  spectrum  of  lift  fluctuations  at  a Reynolds  number  of  5.7  x 10*  in  comparison  with  the  analytical 
relation 


(5) 


where  a is  a nondimens ional  parameter  taken  as  6.94  x 10*.  This  spectrum  is  defined  such  that  the  total 
power  is  obtained  by  integrating  over  only  nonnegative  frequencies. 


Since  Fung  found  that  the  normalized  spectra  at  other  Reynolds  numbers  in  the  range  of  interest  were 
not  appreciably  different.  Equation  (5)  may  be  employed  in  Equation  (4)  to  calculate  the  mean-square 
acoustic  pressure  at  the  observer  location,  that  is 
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with  the  resulting  overall  sound  pressure  level 


OASPL(r,B,0) 


10  log10 


(f) 


(7) 


where  pD  is  a reference  pressure  usually  taken  as  2 x 10~^  N/m 2.  Equations  (4)  and  (7)  may  be  employed 
to  estimate  the  spectra  and  overall  sound-pressure  levels  produced  by  moving  cylinders. 


Streamlined  Bodies 


The  most  fundamental  (in  the  sense  of  being  omnipresent)  component  source  of  airframe  noise  is  pro- 
duced by  the  flow  over  the  streamlined  surfaces  of  the  aircraft.  Taking  such  surfaces  to  be  rigid  (i.e., 
neglecting  any  radiation  due  to  panel  vibration  which  was  indicated  as  a possible  source  earlier  in  the 
paper),  a dipolelike  sound  generation  may  still  be  observed  which  can  be  related  to  the  fluctuating  forces 
experienced  by  the  surface.  There  are  three  mechanisms22  by  which  such  forces  may  be  developed:  the 

pressure  field  arising  in  the  turbulent  boundary  layer  over  the  surface,  force  fluctuations  induced  by 
vorticity  shed  from  the  surface,  and  the  action  of  any  turbulence  present  in  the  incident  stream.  However, 
these  phenomena  are  not  equally  efficient  in  noise  generation  and,  of  course,  their  relative  contributions 
vary  with  the  characteristics  of  the  flow  field  in  which  the  surface  is  placed. 

Boundary-Layer  Turbulence.  The  question  of  sound  generation  by  boundary-layer  turbulence  has  been 
effectively  resolved  by  Powell^  who  USed  the  "reflection  principle"  to  show  that  the  major  surface  dipoles 
vanish  on  an  infinite,  flat,  rigid  surface  leaving  only  the  viscous  dipoles  with  axes  lying  in  the  surface 
itself.  Since  such  viscous  stresses  can  only  become  significant  at  Reynolds  numbers  much  smaller  than 
those  developed  on  commercial  aircraft,  direct  radiation  from  the  turbulent  boundary  layer  is  a much  less 
efficient  source  of  direct  radiation  than  others  present  even  for  moderately  curved  surfaces  (as  long  as 
no  separation  occurs).  This  result  remains  valid  for  finite  surfaces  when  the  surface  is  larger  than  the 
sound  wavelength  — which  is  usually  the  case  in  airframe  noise  — except  near  the  edges.  This  "edge  noise" 
source  will  be  discussed  below. 

In  reference  to  the  panel  vibration  source  proposed  earlier  in  this  paper,  it  might  be  mentioned  that 
Laufer  et  al.24  have  considered  the  case  where  the  surface  is  flexible  and  able  to  respond  to  the  boundary- 
layer  excitation.  They  remark  that  for  surfaces  of  limited  extent,  wall  motion  becomes  equivalent  to  a 
simple  source  system  of  high  acoustic  efficiency  and  can  quickly  become  the  most  important  feature  of  the 
practical  boundary- layer-noise  problem.  Thus,  It  appears  that  the  boundary-layer  pressure  fluctuations 
are  not  major  sources  of  noise,  but  the  aircraft  surface  may  generate  sound  through  vibration  and  may 
reflect  sound  produced  by  other  sources.  Both  of  these  roles  require  further  research  for  better 
understanding. 

Wake  Vorticity.  Sound  generation  by  force  fluctuations  Induced  by  vorticity  shed  from  the  surface  is 
probably  the  primary  cause  for  the  experimentally  observed  fact  that  aerodynamic  surfaces  radiate  pre- 
dominantly from  slender  strips  along  their  edges.  At  the  edge  of  an  aerodynamic  surface,  the  flow  must 
separate  shedding  vorticity  into  a wake.  This  vorticity  will  Induce  fluctuating  surface  pressures  which 
fall  off  with  distance  from  the  vortex.  Thus,  the  largest  pressures  will  occur  close  to  the  edge.  In 
addition,  noncancellation  of  boundary-layer  fluctuations  also  occurs  in  this  region.  Which  of  these 
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effects  is  dominant  is  not  known  at  this  time,  although  wake  Induced  pressures  normally  should  be  more 
intense.  However,  both  point  to  "edge  noise"  as  a primary  source  of  airframe  sound  generation. 

The  present  understanding  of  this  source  is  well  depicted  by  Figure  15  which  is  taken  from  a report 
by  Siddon.^5  Siddon  suggests  that  alternate  vortex  shedding,  with  a fairly  narrow  band  of  preferred  fre- 
quencies, leads  to  a time-dependent  relaxation  of  the  Kutta  condition  at  the  trailing  edge.  The  "stagna- 
tion streamline"  switches  cyclically  from  the  upper  to  the  lower  surface,  thus  inducing  a fluctuating 
force  concentration  near  the  edge.  Note  that  this  is  exactly  the  same  mechanism  responsible  for  the 
production  of  strut  noise  as  discussed  earlier. 

There  has  been  extensive  work  on  the  prediction  of  this  edge  noise  source  and  numerous,  sometimes 
conflicting,  theories  have  been  produced.^  Again,  the  generation  process  is  highly  dependent  upon  Reynolds 
number.  Much  recent  work2®»27  has  dealt  with  the  intense  tones  which  can  be  produced  by  isolated  airfoils 
with  laminar  boundary  layers.  However,  such  tones  require  Reynolds  numbers  based  on  airfoil  chord  length 
of  less  than  about  2 x 10®  while  commercial  aircraft  ordinarily  exhibit  Reynolds  numbers  of  many  millions. 
At  these  higher  Reynolds  numbers,  a transition  similar  to  the  collapse  of  the  classical  Von  Karraan  street 
behind  a cylinder  apparently  occurs  and  a more  broadband  radiation  results. 

Fink^8  has  experimentally  evaluated  the  various  theories  for  tr&iling-edge  noise  generation.  He  con- 
cludes that  the  best  present  theories  are  those  by  Ff owes- Will lams  and  Hall^  and  Powell. 15  The  first  of 
these  papers  considers  the  scattering  of  sound  generation  by  Lighthill  type  quadrupoles  due  to  the  presence 
of  a half  plane  in  the  flow.  The  results  show  that  sound  output  of  quadrupoles  associated  with  fluid 
motion  in  a plane  normal  to  the  edge  is  Increased  by  a factor  (Kr0)”3  where  K - w/a  is  the  acoustic 
wave  number  and  rQ  is  the  distance  of  the  center  of  the  eddy  from  the  edge.  There  is  no  enhancement  of 
sound  from  longitudinal  quadrupoles  with  axes  parallel  to  the  edge.  According  to  this  theory,  the  mean- 
square  pressure  produced  by  a single  eddy  near  the  trailing  edge  is 
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where  y is  the  turbulent  intensity,  VQ  is  the  eddy  volume,  6 is  the  streamwise  correlation  length  of 
the  eddy,  6 is  the  angle  between  the  streamwise  and  observer  directions,  6Q  is  the  angle  that  the  mean 
flow  makes  with  the  trailing  edge  and  <P  is  the  angle  between  the  trailing  edge  and  observer  directions. 
This  expression  can  then  be  summed  at  the  observer  location  over  all  the  (independent)  eddies  near  the 
trailing  edge.  Note  that  this  theory  implies  a dependence  on  the  fifth  power  of  velocity  and  the  turbu- 
lence intensity  squared.  It  also  gives  rise  to  a directivity  pattern  in  a plane  normal  to  the  edge 
dependent  upon  cos2  0/2.  This  directivity  pattern,  which  Hayden^  has  associated  with  a "baffled  dipole," 
is  shown  in  Figure  16.  Finally,  the  theory  predicts  that  a "swept"  trailing  edge  (relative  to  the  mean 
flow  direction)  would  produce  less  noise  due  to  the  sin^  0O  dependence. 

It  should  be  noted  here  that  summation  of  Equation  (8)  over  all  eddies  to  produce  the  total  mean- 
square  pressure  at  an  observer  location  must  be  approached  with  extreme  caution.  The  primary  trailing- 
edge  source  on  an  aircraft  is  the  wing.  Thus,  the  source  dimension  is  of  the  order  of  the  span.  Since 
airframe  noise  is  typically  of  Interest  at  distances  of  only  a few  spans  from  the  aircraft,  the  geometric 
far  field  of  the  source  distribution  has  not  been  reached  and  a simple  summation  employing  average  values 
of  distances  and  angles  could  be  in  considerable  error.  For  this  case,  a "stripwise"  summation  as  sug- 
gested by  Hayden  et  al.*®  is  undoubtedly  superior.  Further,  the  fact  that  these  sources  are  in  motion 
should,  of  course,  be  taken  into  account. 


The  variables  which  appear  in  Equation  (8)  are  fairly  straightforward  to  obtain  with  the  exception  of 
those  which  characterize  the  eddy.  Clark^O  has  made  measurements  in  the  wake  behind  an  airfoil  placed  in 
the  potential  core  of  a low- turbulence  Jet.  These  measurements  suggest  that  the  controlling  parameter  in 
the  eddy  size  is  actually  the  width  of  the  wake.  A,  and  that  the  number  of  eddies  across  a span  b should 
be  * b/A.  The  eddies  are  apparently  ellipsoidal  with  6 = 3/2  A and  VQ  =*  3/4  A^.  Thus,  if  the  eddy 
distance  rQ  is  taken  as  3/2  A,  Equation  (9)  becomes 
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This  relation  indicates  that  sound  generation  by  an  aerodynamic  surface  is  highly  dependent  upon  the  width 
of  its  wake.  The  drag  of  the  body  is  also  related  to  the  wake  width,  a result  which  has  led  Revell^l  to 
attempt  to  predict  airframe  noise  from  steady-state  drag. 

Unfortunately,  very  few  measurements  of  the  amplitude  and  spectra  of  this  trail ing-edge  source  exist 
due  to  the  difficulty  in  making  the  required  measurements  in  present-day  flow  facilities.  Some  data  at 
very  small  scale  were  obtained  by  Clark. These  have  been  employed  by  Clark  et  al.^2  in  a recent  attempt 
to  develop  an  expression  for  the  power  spectrum  of  sound  radiation  by  isolated  airfoils.  Their  theory, 
however,  requires  a knowledge  of  the  spectra  of  wake  velocity  components.  It  can  be  noted  that  this  study 
also  showed  a low  (-0.2)  power  dependence  of  the  eddy  correlation  lengths  on  Reynolds  number. 

In  the  absence  of  precise  information,  practical  estimation  of  the  frequency  content  of  traillng-edge 
noise  might  well  employ  the  nond imenslonal  spectrum  obtained  by  Healy.?  This  spectrum,  shown  in  Figure  17, 
is  a composite  of  spectra  measured  directly  below  several  small  aircraft  with  pecularltles  removed.  As 
the  aircraft  were  all  In  the  "clean"  or  cruise  configuration,  the  primary  source  of  noise  directly  below 
the  craft  should  have  been  traillng-edge  noise.  For  the  peak  frequency,  Healy  suggests 


where  tw  Is  a representative  wing  thickness.  At  positions  other  than  directly  below  the  aircraft,  this 
relation  should  be  modified  to  account  for  the  Doppler  shift,  that  is, 
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Inflow  Turbulence.  The  final  mechanism  by  which  fluctuating  forces  may  be  developed  on  an  aerodynamic 
surface  is  through  the  action  of  incoming  turbulence.  Although  atmospheric  turbulence  is  ordinarily  of 
too  large  scale  and  too  low  intensity  to  be  important  in  this  regard,  airframe  components,  such  as  flaps, 
which  lie  in  the  wake  of  other  portions  of  the  aircraft  may  generate  noise  through  this  mechanism. 

Although  several  different  approaches  to  the  analysis  of  this  noise  source  have  been  devised, 4 it  is 
useful  to  observe  that,  since  Ffowcs-Will lams  and  Hall's^  work  is  purely  concerned  with  scattering  of 
sound  near  an  edge,  it  is  equally  applicable  to  this  case  as  well.  In  other  words,  their  theory  makes  no 
distinction  between  incoming  turbulence  impinging  on  a leading  edge  and  turbulence  being  shed  from  a trail- 
ing edge.  Thus,  Equation  (9)  can  be  employed  to  calculate  the  level  and  directivity  of  this  leading-edge 
source  as  well.  The  same  concerns  about  source  distribution  apply,  with  the  only  change  being,  perhaps, 
the  characteristics  of  the  eddies  themselves. 

When  the  observer  is  far  enough  away  to  be  in  the  geometric  far  field  of  the  entire  leading-edge 
source  (which  probably  is  not  the  case  for  normal  airframe  noise  measurements),  an  analysis  of  this  problem 
has  recently  been  formulated  by  Aroiet.^3  This  theory  decomposes  the  incoming  turbulence  into  Fourier  com- 
ponents and  then  employs  the  Sears  function  to  calculate  the  airfoil  response.  It  yields  an  expression 
for  the  (one-sided)  power  spectral  density  of  the  radiated  sound  at  a distance  z directly  above  (or 
below)  the  airfoil  as 
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where  the  Von  Karman  spectrum  has  been  used  to  describe  the  turbulence,  b is  the  span  of  the  airfoil, 
!(•)  is  the  Gamma  function,^  is  the  integral  scale  of  the  turbulence  and 
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where  Kx  - u)/U.  This  relation  holds  as  long  as  Ml^b  > 2.  The  corresponding  third-octave  band  sound 
pressure  level  is  given  by 
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Figure  18  shows  a comparison  of  this  relation  with  data  on  sound  generation  by  an  airfoil  in  an  acoustic 
tunnel.  A grid  was  placed  in  the  tunnel  in  order  to  generate  the  incident  turbulence. 

Cavities 

The  final  component  source  of  airframe  noise  to  be  discussed  in  this  section  is  sound  generation  by 
cavities  in  the  surface  of  the  aircraft.  Recent  data&  (see  Fig.  3)  Indicate  that  one  of  the  most  intense 
sources  of  airframe  noise  on  landing  approach  is  produced  by  the  wheel  cavities  of  the  aircraft  since  a 
significant  Increase  in  the  broadband  noise  spectrum  is  observed  when  the  wheel  wells  are  opened.  Although 
it  is  not  yet  clear  whether  this  noise  increase  is  due  to  the  cavity  itself  or  to  a change  in  the  flow 
field  around  the  wing/flap  system,  considerable  research  into  noise  generation  mechanisms  of  cavity  flow 
has  been  stimulated. 


The  flow  field  within  cavities  has  been  of  interest  for  several  years  due  to  fatigue  and  buffeting 
problems.  Thus,  extensive  data  on  cavity  flow  fields  have  been  obtained  and  methods  for  the  reduction  of 
Internal  pressure  oscillations  have  been  developed.1^  Unfortunately,  however,  few  measurements  of  far- 
field  sound  generation  by  cavities  exist  due  to  the  difficulty  of  making  such  measurements  in  present-day 
flow  facilities. 


The  "basic"  (this  author’s  terminology)  cavity  noise  mechanism  is  a fairly  complex  interaction  between 
the  shear  layer  over  the  cavity  and  the  volume  within  it.  The  shear  layer  apparently  has  fundamental  modes 
of  instability  which  act  as  a forcing  function  to  produce  oscillation  of  the  air  within  the  cavity.  A 
reasonably  accurate  expression  for  the  frequencies  of  the  shear  layer  instability  modes  in  simple  rectan- 
gular cavities  has  been  developed  by  Rossiter,^  that  is, 
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where  L is  the  length  of  the  cavity  in  the  flow  direction  and  ky  is  the  ratio  of  eddy  convection  speed 
to  the  flow  speed.  However,  the  efficiency  of  this  forcing  function  in  producing  sound  depends  upon  how 
well  it  couples  with  the  fundamental  acoustic  modes  of  the  cavity.  If  the  coupling  is  strong,  very 
intense  tones  can  be  produced.  These  tones  have  been  studied  by  Block  and  Heller. Figure  19  displays 
a typical  spectrum  measured  directly  above  the  cavity  in  comparison  with  a spectrum  of  the  fluctuating 
pressures  Inside  the  cavity  for  a length-to-depth  ratio  (L/D)  of  unity.  The  directivity  of  this  noise 
source  was  determined  to  be  nearly  that  of  a monopole  although  small  deviations  do  occur.  On  the  basis 
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of  this  work.  Bliss  and  Hayden^?  have  developed  a prediction  relation  for  the  mean-square  pressure 
radiated  by  the  cavity,  that  is, 

~2  w 2 

p <r)  - l 0.01 5 (m  - l/4)q  -)  (15) 

where  q is  the  dynamic  pressure  and  w is  the  width  of  the  cavity.  This  equation  assumes  good  coupling 
between  the  forcing  frequency  and  the  fundamental  acoustic  mode.  Thus,  predictions  on  the  basis  of  this 
relation  often  tend  to  be  high.  Further,  such  coupling  is  usually  only  seen  for  the  modes  m ■ 2,  3,  or  4. 

This  "basic"  cavity  noise  mechanism  is  primarily  a low-frequency  phenomenon,  occurring  for  Strouhal 
numbers  St  « fL/U  less  than  about  2.5.  Further,  it  is  also  critically  dependent  upon  the  cavity  shape. 
Recent  tests  of  a circular  cavity  conducted  at  NASA  Langley  produced  much  less  noise  radiation  than  a 
square  cavity  of  side  length  equal  to  the  diameter  of  the  circular  cavity.  This  is  important  as  the  cavi- 
ties on  real  aircraft  are  much  different  in  shape  from  the  simple  rectangular  model. ^ Finally,  of  course, 
this  tonal  mechanism  cannot  be  responsible  for  the  observed  broadband  radiation  of  real  aircraft  cavities. 
Thus,  it  is  necessary  to  consider  other  potential  cavity  noise  mechanisms. 

There  are  other  possible  sources  of  cavity  noise.  The  shear  layer  shed  from  the  leading  edge  of  the 
cavity  will  induce  fluctuating  pressures  on  the  edge  resulting  in  an  edge  noise  source  as  discussed  pre- 
viously. Further,  the  turbulence  in  the  shear  layer  will  impinge  on  the  back  wall  of  the  cavity  resulting 
in  an  incident  turbulence  source  similar  to  that  mentioned  earlier.  Thus,  there  is  the  potential  for  a 
"t rail ing-edge"  source  at  the  leading  edge  of  the  cavity  and  a "leading-edge"  source  at  the  trailing  edge 
of  the  cavity.  Both  of  these  sources  may  be  analyzed  by  the  theories  developed  earlier  and  both  will  pro- 
duce a more  broadband  noise.  The  analysis  is  simplified  by  the  fact  that  these  sources  will  appear  compact 

An  alternate  theory,  tailored  to  the  case  of  the  cavity,  has  recently  been  developed  by  Hardin  and 
Mason^H  which  allows  the  sound  generation  to  be  calculated  on  the  basis  of  the  vorticity  present  in  the 
cavity  flow.  This  theory  identifies  monopole,  dipole,  and  quadrupole  type  sources  inherent  in  the  flow 
field  over  the  cavity  and  has  been  applied  in  a two-dimensional  model  of  cavity  flow  in  order  to  better 
understand  the  broadband  noise  generation  mechanisms.  Figure  20  presents  the  spectrum  of  this  noise  source 
as  calculated  directly  above  a cavity  with  length-to-depth  ratio  of  2.0.  Note  that  the  broadband  spectrum 
peaks  near  the  Strouhal  number  of  4.0,  which  is  considerably  above  the  value  of  2.5  below  which  tones  are 
observed.  Figure  21  displays  the  directivity  of  the  sound  in  a plane  parallel  to  the  streamwise  direction. 
Note  that  the  peak  intensity  occurs  slightly  upstream  of  the  cavity.  This  effect  has  also  been  observed 
in  full-scale  airframe  noise  tests. 


EXPERIMENTAL  RESEARCH  TECHNIQUES 


A common  problem  encountered  in  airframe  noise  research  is  the  fact  that 
not  very  intense  compared  either  to  propulsive  noise  sources  or  to  background 
facilities.  Overcoming  this  obstacle  has  required  considerable  innovation  of 
ment  of  old  ones. 


the  self-noise  sources  are 
noise  levels  in  typical  test 
new  techniques  and  refine- 


Full-Scale  Flight  Testing 

The  first  airframe  noise  testing  was  done  utilizing  full-scale  aircraft.  However,  it  is  expensive, 
requires  extensive  Instrumentation  and  can  be  dangerous.  Ordinarily  such  tests  must  be  accomplished  with 
the  aircraft's  engines  inoperative  or  at  flight  idle.  Such  operating  conditions  may  not  be  possible  with 
all  aircraft.  Furthermore,  unless  the  engines  are  extremely  quiet,  it  is  necessary  to  look  for  a "window" 
between  the  low-frequency  Jet  and  ambient  noise  and  the  high-frequency  compressor  noise  through  which  the 
airframe  noise  may  be  observed.  Such  windows  do  not  exist  for  all  aircraft. 


There  are  numerous  problems  and  subletles  connected  with  obtaining  valid  full-scale  airframe  noise 
measurements.  The  fact  that  the  source  is  moving  past  a fixed  observer  makes  the  design  of  an  optimum 
experiment  difficult.  Not  surprisingly,  the  various  groups  which  have  attempted  such  measurements  have 
utilized  different  approaches  to  the  acquisition  and  analysis  of  the  data.  However,  this  makes  comparison 
of  data  obtained  in  different  tests  a tenuous  undertaking.  Thus,  one  of  the  urgent  needs  in  this  field  is 
some  standardization  of  testing  techniques.  For  this  reason  and  at  the  risk  of  sounding  didactic,  this 
paper  will  discuss  many  of  these  problems  and  offer  approaches  to  them. 


The  primary  quantity  of  Interest  in  airframe  noise  research  is  its  Impact  on  the  community,  or  air- 
frame noise  "footprint."  Thus,  the  objective  of  airframe  noise  testing  should  be  to  obtain  the  directiv- 
ity of  the  total  airframe  noise  produced  by  the  aircraft.  Since  accurate  positioning  of  an  aircraft  with 
respect  to  a microphone  is  difficult,  and  repeat  flights  are  expensive,  a good  (practical)  way  to  obtain 
such  data  is  with  an  array  of  microphones  in  the  shape  of  a tee.  The  flight  path  of  the  aircraft  is  along 
the  ci obs  of  the  tee.  Of  course,  each  microphone  will  measure  a sound  pressure  time  history  which 
Increases  in  intensity  and  then  dies  away  as  the  aircraft  flies  past.  However,  by  properly  picking  short 
segments  of  these  records  for  analysis,  such  records  can  be  employed  to  obtain  the  directivity  of  the 
airframe  noise  in  the  flyover  plane  as  well  as  to  Increase  the  statistical  reliability  of  the  data. 

Similar  analysis  of  the  sideline  microphones  will  allow  the  rest  of  the  footprint  to  be  obtained,  although 
with  Increased  variability. 


One  question  which  arises  at  this  point  is:  How  should  the  microphones  be  mounted?  Early  testing 

employed  pole  mounted  mics  as  those  are  required  for  aircraft  certification.  However,  this  leads  to  ground 
Induced  cancellation  which  may  occur  in  the  frequency  range  of  Interest.  Perhaps  a better  technique  is  to 
mount  the  microphones  flush  with  a hard  reflecting  surface  which  produces  a pressure  doubling  effect  over 
the  entire  spectrum  that  is  well  understood  and  easily  corrected.  This  technique  has  been  employed  in  two 
recent  studies^’*)  with  Fethney**  even  cutting  away  the  lower  half  of  the  microphone  windscreen  so  that  the 
mlc  would  lie  flat  on  the  concrete  runway. 
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A second  question  which  arises  is  how  the  aircraft  should  be  flown  over  the  microphone  array.  As 
the  aircraft's  speed  and  distance  from  the  observer  are  important  parameters  in  airframe  noise,  ideally 
one  would  like  to  fly  the  aircraft  at  constant  speed  and  altitude.  However,  to  do  so  requires  more  than 
flight  idle  power,  which  Increases  the  engine  noise  level,  and  risks  Introducing  unwanted  sources  through 
aircraft  acceleration  as  can  be  seen  in  the  last  term  of  Equation  (1).  Thus,  it  appears  better  to  fly  the 
aircraft  at  constant  airspeed  down  a glide  slope  over  the  array.  The  pressure  signals  recorded  by  the 
microphones  can  later  be  corrected  for  the  altitude  variation  utilizing  an  inverse  square  dependence  of 
overall  sound  pressure  level  on  observer  distance  as  long  as  the  observer  was  truly  in  the  acoustic  and 
geometric  far  fields  of  the  aircraft. 

The  necessary  corrections  certainly  require  an  accurate  determination  of  the  aircraft's  position  as 
a function  of  time.  The  best  way  of  accomplishing  this  seems  to  be  one  of  the  radar  tracking  schemes  which 
are  usually  available  at  suitable  test  sites.  However,  the  problem  is  a little  more  complex.  Typical  air- 
craft of  interest  have  spans  and  fuselage  lengths  of  the  order  of  30  meters,  while  the  altitude  may  be 
only  100  meters  or  so.  Thus,  there  is  a nonnegl igible  difference  depending  upon  what  reference  point  on 
the  aircraft  is  used  to  determine  the  observer  distance.  One  should  like  to  use  the  "center  of  gravity" 
of  the  source  distribution.  However,  this  is  not  known.  Thus,  this  author  might  suggest  the  center  of 
gravity  of  the  aircraft  as  being  as  reasonable  as  any  other.  Once  a point  is  chosen,  a simple  way  of 
measuring  the  correct  distance  is  to  mount  a radar  target  reflector  on  the  aircraft  and  then  translate  the 
data  to  the  chosen  point  on  the  aircraft. 

Another  problem  crops  up  when  one  tries  to  relate  the  aircraft  position  information  to  the  measured 
pressure  time  histories.  The  signal  arriving  at  the  observer  location  at  time  t was  transmitted  by  the 
source  at  the  earlier  time  t - re/a  where  re  was  the  source-to-observer  distance  at  the  time  of  emis- 
sion. These  considerations  lead  to  a complex  relation  between  the  known  aircraft  position  at  time  t and 
the  actual  acoustic  propagation  distance  which  should  be  employed  in  correcting  the  pressure  time 
histories. 

A further  consideration  in  such  testing  is  the  variability  of  the  data.  The  statistical  variability 
of  any  spectral  analysis  is  inversely  proportional  to  the  product  of  the  bandwidth  and  the  analysis  time. 
Thus,  for  fixed  bandwidth,  one  should  like  for  the  analysis  time  to  be  as  long  as  possible.  However,  in 
this  case  where  both  the  source/observer  distance  and  the  directivity  angle  are  changing  with  time,  the 
process  is  nonstationary  and  too  long  an  analysis  time  can  lead  to  aberrations  in  the  data.  Thus,  there 
must  be  a trade  off  between  statistical  variability  and  nonstationarity . This  problem  is  not  critical 
for  third-octave  analysis  where  analysis  times  of  a few  tenths  of  a second  yield  adequate  estimates.  How- 
ever, for  narrow-band  analyses,  severe  problems  arise.  These  may  be  overcome  by  averaging  analyses  of 
several  microphones  on  a single  flight  or  a few  microphones  on  nominally  identical  repeat  flights. 

A final  problem  deals  with  calculation  of  overall  sound  pressure  levels  when  the  spectra  are  contami- 
nated with  engine  noise.  Some  studies  have  merely  calculated  the  OASPL  value  as  if  the  engine  noise  were 
not  there,  others  have  integrated  only  up  to  some  maximum  frequency  implying  that  all  higher  frequency 
power  was  engine  noise  while  still  others  have  attempted  to  subtract  out  the  engine  noise  on  the  basis  of 
static  test  data.  Two  problems  with  this  last  technique  are  that  the  static  data  are  not  measured  at  the 
same  angles  with  respect  to  the  aircraft  as  the  airframe  noise  data  and  that  no  consideration  of  the  known 
flight  effects  on  jet  noise  has  been  given. 


Model  Testing 

There  are  considerable  incentives  toward  the  use  of  models  in  airframe  noise  testing.  Among  these 
are  the  possibility  of  eliminating  engine  noise  and  reducing  the  cost  and  danger  of  testing  of  any  changes 
prompted  by  the  application  of  noise  reduction  techniques.  However,  certain  disadvantages  due  to  reduced 
source  intensity  and  the  necessity  of  developing  scaling  relations  (particularly  since  airframe  noise  is 
known  to  be  Reynolds  number  dependent)  are  Introduced. 

Remotely  Piloted  Vehicles.  One  such  technique,  involving  the  use  of  a remotely  piloted  vehicle  (RPV) 
as  the  airframe  noise  source,  has  been  investigated  by  Fratello  and  Shear  in. ^ This  testing  is  quite 
similar  to  that  used  in  full-scale  flight  research.  In  preliminary  work  employing  powered  RPV's  whose 
engines  were  stopped  before  crossing  the  microphone  array,  they  were  able  to  obtain  a 10-dB  signal-to- 
noise  ratio  in  the  clean  configuration  with  an  RPV  whose  wingspan  was  1.5m  flying  at  an  altitude  of  3 m 
with  a speed  of  25  m/sec  as  shown  in  Figure  22. 

The  data  acquisition  and  analysis  procedures  are  more  critical  in  this  type  of  testing  than  in  full- 
scale  flight  testing.  The  RPV  must  fly  quite  low  over  the  array  in  order  to  produce  a sufficient  sound 
level  at  the  microphone.  Thus,  the  change  in  observer  angle  per  unit  time  is  large.  However,  acceptable 
methods  for  data  collection  have  been  devised.  These  utilize  arrays  of  microphones  and  photodiodes  as 
shown  in  Figure  23. 

A more  recent  test  program  is  employing  an  unpowered  model  of  a Boeing  747  aircraft  with  a wingspan  of 
approximately  2 m.  Grit  is  glued  onto  the  leading  edges  of  the  model  surfaces  to  trip  the  boundary  layer 
in  an  attempt  to  simulate  full-scale  Reynolds  numbers.  The  model  is  dropped  from  a helicopter  and  allowed 
to  seek  its  natural  (known)  glide  slope  until  it  is  pulled  up  into  nearly  level  flight  over  the  microphone 
array.  Figure  24  is  a photo  of  the  model  mounted  on  the  drop  helicopter.  A rather  sophisticated  control 
system  for  this  RPV  has  been  designed  and  installed. 


Anechoic  Flow  Facilities.  A second  technique  for  whole  model  testing  which  has  been  investigated  is 
the  use  of  anechoic  wind  tunnels.  Such  testing  is  hampered  by  the  fact  that  a tunnel  produces  its  own 
surface  interaction  noise  which  is  difficult  to  separate  from  the  model  noise.  Thus,  the  tunnel  must  have 
a very  low  background  noise  level.  Further,  at  present,  the  test  section  must  be  open  such  that  the  micro- 
phones may  be  placed  outside  the  flow  in  order  to  avoid  swamping  the  airframe  noise  signal  by  microphone 
wind  noise.  NASA  Langley  engineers  have  been  successful  in  such  testing  at  the  NSRDC  Quiet  Flow  Facility 
in  Carderock,  Maryland. Figure  25  is  a photo  of  a 0. 03-scale  model  of  a Boeing  747  aircraft  mounted  in 
this  tunnel.  This  model  was  carefully  constructed  to  properly  represent  insofar  as  possible  full-scale 
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geometric  and  aerodynamic  properties.  Note  that  the  mounting  sting  is  airfoil  shaped  in  order  to  minimize 
the  generation  of  aeolian  tones.  These  tests  determined  that  model  airframe  noise  can  be  geometrically 
scaled  to  that  of  the  full-scale  aircraft  with  the  exception  of  cavity  generated  sound. 41  The  simple 
scaling  relations  for  one-third-octave  sound  pressure  levels  and  frequency  are 


and 


(16) 


(17) 


where  the  subscripts  F and  M designate  the  full  scale  and  model,  respectively,  and  SF  is  the  scale 
factor.  Figure  26  shows  a comparison  of  model  and  full-scale  data  for  a 747  aircraft  with  leading-edge 
flaps  deployed.  The  full-scale  data  were  obtained  by  The  Boeing  Aircraft  Company  directly  below  the  air- 
craft during  flyover  tests.  This  measurement  position  is  geometrically  similar  to  that  employed  in  the 
model  tests.  When  scaled  by  means  of  Equations  (16)  and  (17),  the  model  and  full-scale  data  agreed  within 
3 dB.  During  the  model  tests,  measurements  of  sideline  noise  levels  with  and  without  the  vertical  tail  on 
the  model  were  made.  No  difference  in  noise  level  could  be  observed. 


Anechoic  wind  tunnels  are  also  useful  for  testing  of  component  sources  of  airframe  noise.  The  data 
on  airfoil  sound  generation  shown  in  Figure  18  were  obtained  in  the  UTRC  acoustic  tunnel. Another  such 
tunnel^  exists  at  Bolt,  Beranek  and  Newman,  Inc.,  in  Cambridge,  Massachusetts.  This  tunnel  was  utilized 
to  obtain  the  cavity  noise  data  shown  in  Figure  19. 


One  of  the  problems  with  all  types  of  testing  in  acoustic  wind  tunnels  is  the  fact  that  the  sound 
must  propagate  through  the  shear  layer  of  the  tunnel  flow.  It  is  known  that  propagation  through  such  a 
shear  layer  can  alter  the  directivity  and  reduce  the  high-frequency  intensity  of  such  sound.  Although 
corrections  for  such  changes  are  known  for  point  sources  at  moderate  frequencies,^-*  those  required  for  a 
distributed  source  such  as  an  airframe  model  are  still  a matter  for  research. 


A conceptually  different,  yet  very  similar,  type  of  facility  which  is  useful  in  airframe  noise 
research  is  an  anechoic  chamber  with  quiet  flow  capability.  Such  facilities  exist  in  many  research 
organizations.  A constraint  for  airframe  noise  testing,  however,  is  that  the  flow  must  be  large  enough 
that  a reasonable  sized  model  may  be  tested.  Such  testing  has  been  successfully  accomplished  in  the 
chamber  in  the  new  Aircraft  Noise  Reduction  Laboratory  at  NASA  Langley  Research  Center.  The  air  supply 
nas  a capability  of  41  mVsec  which  will  allow  a 52-m/sec  velocity  through  a 1-m-d iaraeter  nozzle. 

Figure  27  is  a photo  of  a recent  experiment  in  this  chamber  to  investigate  cavity  noise  and  the  inter- 
action of  cavity/strut  generated  turbulence  with  downstream  flaps.  Figure  28  shows  noise  directivity 
patterns  of  the  cavity  alone  in  the  plane  normal  to  the  flow  for  two  different  frequencies  obtained  during 
these  tests  in  the  facility  of  Figure  27.  The  flow  speed  was  119  m/sec  and  the  cavity  length  and  depth 
were  4 cm  and  5 cm,  respectively.  Note  that  distinct  lobes  appear  in  the  directivity  pattern.  Thus,  the 
directivity  pattern  of  the  cavity  tonal  noise  is  not  strictly  monopole. 

Moving  Source  Apparatus.  A final  type  of  facility  which  could  be  useful  in  airframe  noise  research 
is  a moving  source  apparatus.  This  apparatus  can  be  envisioned  as  some  sort  of  tracked  vehicle  with  a 
quiet  propulsive  system  which  would  carry  a model  through  an  anechoic  test  section.  Such  an  apparatus 
would  accurately  simulate  an  actual  flyover  in  the  sense  that  the  model  would  move  past  a stationary 
observer  and  would  eliminate  some  of  the  problems  of  anechoic  wind-tunnel  testing.  However,  development  of 
a quiet  propulsive  system  is  a nontrivial  undertaking.  Although  such  devices  have  been  discussed,  the 
author  knows  of  no  instance  of  their  actual  use  in  airframe  noise  testing. 


CONCLUDING  REMARKS 

This  paper  has  presented  a critical  assessment  of  the  state  of  the  art  in  airframe  self-noise.  Full- 
scale  data  on  the  intensity,  spectra,  and  directivity  of  this  noise  source  were  evaluated  in  the  light  of 
the  comprehensive  theory  developed  by  Ffowcs-Willlams  and  Hawkings.  Vibration  of  panels  on  the  aircraft 
was  identified  as  a possible  additional  source  of  airframe  noise.  The  present  understanding  and  methods 
for  prediction  of  other  component  sources  — airfoils,  struts,  and  cavities  — were  discussed  and  areas 
for  further  research  as  well  as  potential  methods  for  airframe  noise  reduction  were  identified.  Finally, 
the  various  experimental  methods  which  have  been  developed  for  airframe  noise  research  were  discussed  and 
sample  results  were  presented. 
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TABLE  1.  CLEAN  AIRFRAME  NOISE  DATA 


Aircraft 

U,  m/sec 

h,  m 

W,  kg 

b,  m 

OASPL 

Jetstar 

128.8 

152.0 

16682 

16.6 

84.6 

Jetstar 

154.5 

16454 

88.0 

Jetstar 

175.1 

15909 

90.5 

Jetstar 

182.8 

15454 

91.4 

Jetstar 

185.4 

15136 

91.6 

CV-990 

96.3 

71364 

36.5 

85.0 

CV-990 

162.2 

82273 

94.1 

747 

133.9 

228,182 

59.4 

95.3 

747 

114.3 

227,727 

92.5 

HS125 

74.1 

45.7 

6800 

14.3 

81.1 

HS125 

82.4 

83.4 

HS125 

106 

86.3 

BAC 111 

90.6 

30000 

27.0 

87.6 

BAC 111 

in 

90.2 

BAC  1 L 1 

123 

91.4 

BAC111 

133 

92.9 

vcio 

82.9 

182.9 

90000 

44.5 

83.4 

vcio 

98.3 

87.1 

vcio 

108 

88.9 
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Figure  1.  Schematic  diagram  illustrating  potential 
sources  of  airframe  noise. 


OASPL  ♦ 20  log  <h/152> 
100r 


OCTAVE  BAND  „ V / / 
SPl  RELATIVE  20  // 


B 747 

JET  STAR 

CV990 


\ 


FREQUENCY.  Hz 

Figure  4.  Clean  configuration  airframe  noise 
spectra  directly  below  aircraft  normalized 
to  equal  overall  sound  pressure  levels. 
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Figure  2.  Clean  airframe  noise  levels  directly 
below  aircraft  normalized  to  an  altitude  of 
152  m. 
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Figure  5.  Comparison  of  one-third-or tave  band 
airframe  noise  spectra  for  dirty  and  clean  con- 
figurations of  VC10  aircraft  flying  overhead  at 
183  m altitude. 
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Figure  3.  Estimated  nonpropulsive  noise  increases 
due  to  changes  from  the  cruise  configuration  for 
the  VC10  airplane. 
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Figure  6.  Comparison  of  narrow-band  airframe  noise 
spectra  for  VClO  aircraft  in  clean  and  dirty  con- 
figurations at  an  airspeed  of  104  m/sec  and  an 
altitude  of  183  m. 
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Figure  7.  Airframe  noise  spectra  for  the  HP115 
aircraft  overhead  at  45.7  m altitude. 


Figure  10.  Directivity  pattern  of  DC10  airframe 
noise  in  flyover  plane  compared  to  that  calcu- 
lated for  dipoles  oriented  in  the  lift  and  drag 
direct  ions . 
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Figure  8.  Airframe  noise  spectra  of  HP115  aircraft 
at  a sideline  distance  of  76.2  m for  an  altitude 
of  45.7  m. 
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Figure  9.  Measured  and  predicted  reduction  in 
sideline  OASPL*  for  four  aircraft  in  clean 
conf igurat ions. 
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Figure  11.  Spectrum  of  acoustic  power  radiated 
from  0.08  mm  thick  panel  mounted  in  the  side 
of  a wind  tunnel. 


Figure  12.  Radiated  sound  pressure  levels  and  skin 
acceleration  levels  of  B-720  airplane  fuselage 
panel  for  two  different  values  of  cabin  pressure. 
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Figure  13. 

forces  on 


Schematic  diagram  of  wake-generated 
a cylindrical  segment  in  an  airstream. 
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Figure  14.  Normalized  power  spectrum  for  the  lift 
force  on  a circular  cylinder  at  a Reynolds  number 
of  570,000. 


Figure  16.  Directivity  pattern  of  a baffled  dipole 
due  to  flow  off  the  edge  of  a finite  surface. 
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Figure  17.  Nond imensional  spectrum  of  trailing- 
edge  noise  directly  below  the  edge. 
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Figure  15.  Schematic  diagram  of  the  flow  field  near 
a trailing  edge  and  the  wake-induced  instantaneous 
pressure  loading. 
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Figure  18.  Comparison  of  measured  and  predicted 
noise  spectra  from  an  airfoil  in  incident  turbu- 
lence for  M ■ 0. 362. 
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Figure  19.  Comparison  of  the  acoustic  pressures 
radiated  by  a flow  excited  cavity  with  the 
fluctuating  pressures  within  the  cavity. 
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Figure  23.  Schematic  diagram  of  instrument  array 
for  RPV  flyover  noise  measurements. 
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Figure  21.  Calculated  directivity  pattern  of 
broadband  noise  radiated  from  a flow  excited 
cavity  for  L/0  ■ 2.0. 
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Figure  26.  Comparison  of  model  and 
frame  noise  spectra  of  Boeing  747 
edge  flap  deployed  condition. 
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SYMBOL  LIST 


D 

EPNdB 

FD 

fn 

J 

K 

K 

x 

K 

x 

L 

M 

M 


Ratio  of  area  elements 
Projected  area 

Fluctuating  drag  coefficient 
Fluctuating  lift  coefficient 
Cavity  depth 

Effective  perceived  noise  level 
Strearvise  force  fluctuation 
Normal-force  fluctuation 
Jacobian  of  transformation 
Wave  number 

Wave  number  in  x-direction 
Nond imensional  wave  number  in  x-direction 
Cavity  length 
Mach  number 

Mach  number  in  observer  direction 


OASPL  Overall  sound  pressure  level 

Re  Reynolds  number 

S Surface 

S One-sided  acoustic  pressure  spectral 

density 

SF  Scale  factor 

SM  One-sided  normal-force  spectral  density 

N 

SPL  One-third-octave  band  sound  pressure 

level 

St  Strouhal  number 

Lighthill  stress  tensor 

U Flow  or  aircraft  speed 

V Volume 

V Eddy  volume 
o 

W Aircraft  weight 

a Speed  of  sound 

b Wing  span 

c Distance  between  microphones  and  diodes 

in  RPV  testing 

d Cylinder  diameter 

f Frequency 

f Modal  frequency 

f Frequency  of  spectral  peak 

max 

h Aircraft  altitude 

k Ratio  of  eddy  convection  speed  to  flow 

speed 
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(A) 

A 


AOASPL 

r(-) 


Cylinder  length 
Mode  number 

Components  of  normal  vector 
Acoustic  pressure 
Compressive  stress  tensor 
Reference  pressure 
Dynamic  pressure 
Observer  distance 

Observer  distance  at  time  of  emission  for 
moving  source 

Distance  of  center  of  eddy  from  edge 

Sideline  distance 

Time 

Wing  thickness 

Normal  velocity 

Cavity  width 

Observer  position 

Components  of  position  vector 


Spectral  parameter 

Angle  between  force  and  observer 
directions 

Turbulent  Intensity 

Streamwise  correlation  length 

Observer  angle 

Source  position 

Angle  between  flight  path  and  observer 
directions 

Angle  between  mean  flow  and  trail ing-edge 
directions 

Directivity  angle  in  flyover  plane 
Kinematic  viscosity 
Far-field  density 
Ambient  density 

Angle  between  trailing  edge  and  observer 
directions 

Circular  frequency 

WI  -.  .n  of  wake 

Increment  in  overall  sound  pressure  level 

Gamma  function 

Integral  scale  of  turbulence 
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INTRODUCTION 


So  far  the  lectures  in  this  series  have  concentrated  on  the  fundamental  theoretical  work  and  the 
experimental  evidence  on  aerodynamical ly  generated  noise  from  jet-effluxs,  fans  and  complete  airframes. 

In  doing  so,  the  lecturers  have  had  naturally,  to  refer  to  some  of  the  topics  on  measurement  and  analysis 
which  are  formally  covered  in  this  chapter.  The  reader  is  advised  to  refer  back  to  the  introductory  lectures 
covering  fundamental  types  of  noise  source  and  signal  which  will  be  encountered.  In  this  chapter  we  discuss 
data  collection,  test  environment,  instrumentation,  storage  and  display,  signal  analysis,  and  specialised 
measurement  techniques 

It  should  be  noted  at  this  juncture  that  in  the  treatment  of  these  topics,  the  emphasis  is  on  the  use  of 
the  techniques  and  instruments  in  the  capacity  of  a research,  development  or  applications  engineer; 
rather  than  as  an  expert  in  electronics  and  computer  engineering. 

2.  GENERAL  NOISE  CHARACTERISTICS 

2. 1 Source  Types 

Figure  1 presents  a summary  of  the  main  source  characteristics  for  aerodynaxnically  generated  multi- 
poles (refer  to  the  introductory  lectures). 

2.2  Spectral  and  Temporal  Characteristics 

Sound  sources,  in  general  can  exhibit  several  distinct  characteristics  according  to  both  the  temporal 
pattern  of  overall  amplitude  and  the  shorter  term  time-dependency  of  sound  pressure.  The  latter,  of  course, 
determines  the  frequency  distribution  or  spectrum  of  noise.  The  time  depende'ncy  of  the  overall  sound  level 
can  be  due  to  source  strength  changes  or  due  to  relative  motion  to  the  observer.  We  can  arbitrarily 
classify  the  types  of  sound  which  we  need  to  measure  as  follows: 


a) 

Continuous 

b) 

Transient 

c) 

Discrete 

d) 

Random 

2.2.1  Continuous 

Continuous  noise  or  Stationary  noise  Signals  are  those  whose  level  remains  constant  over  a long  time 
period.  Usually  it  is  sufficient  to  define  the  term  'level'  as  being  the  long  term  root  mean  square 
value  of  the  sound  pressure,  but,  when  we  have  discussed  some  of  the  descriptors  of  signals  in  the 
later  section  3.3  of  these  notes,  it  will  be  seen  that  a strict  definition  of  stationarity  requires 
other  parameters  also  to  remain  constant  with  time. 

2.2.2  Transient 

In  a transient  sound,  either  a component  of  the  total  sound  or  the  overall  sound  varies  in  level  with 
time.  The  variation  may  be  a growth  in  level,  when  a machine  is  started  from  rest;  a decay,  as  when 
a loudspeaker  is  switched  off  in  a reverberant  or  echo  room;  a steady  rise  to  a peak  followed  by  a 
steady  fall,  as  with  a vehicle  drive-by  or  an  aircraft  fly-over;  or  a sharp  impulsive  noise,  often 
with  a very  high  level  existing  for  only  a very  short  time,  such  as  with  a pistol  shot. 

2.2.3  Discrete 

A discrete  tone  noise  source  arises  from  a sound  pressure  wave-form  pattern  (in  time)  which  is  re- 
petitive at  some  interval.  Where  the  wave-form  for  one  repetition  takes  the  pattern  of  a harmonic 
(sine  or  cosine)  function,  then  a single  frequency  discrete  tone  exists.  If  not,  it  is  always 
possible  to  analyse  the  waveform  into  a number  of  sinusoidal  wave-form  components,  whereupon  the  sound 
has  multiple  discrete  tone  form.  An  example  of  the  former  is  the  main  note  from  a well  struck  tuning 
fork,  and  the  latter  the  rich  multi-tonal  sound  of  a stringed  instrument. 

2.2.4  Random 

Random  sounds,  in  contrast  to  discrete  sounds,  have  no  repetition  of  wave-form  over  at  least  the 
longest  period  of  time  with  which  we  have  an  interest.  Individual  time  segments  of  the  pressure  wave- 
form have  both  differing  amplitudes  and  pressure  crossing  time  intervals.  Thus,  crudely, the  signal 
may  be  thought  of  as  having  a multitude  of  possible  discrete  frequencies  and  with  only  a probability 
type  of  descriptor  of  their  amplitudes.  The  result  is  a continuous  frequency  distribution  when  the 
sound  is  analysed. 

2.2.5  Compound  Characteristics 

Of  course,  sounds  may  have  characteristics  compounded  from  certain  of  the  above  categories.  For  example, 
the  transient  fly-over  noise  from  an  aircraft  may  contain  both  random  character  noise  from  aerodynamic 
quadrupole  sources  in  its  jet  exhaust  and  discrete  tones  arising  from  dipole  sources  from  the  blade 
in  its  propulsion  fan.  Impulse  sounds  can  either  be  'pure'  with  relatively  simple  pressure  excursions, 
or  can  be  more  complex  with  a ringing  decay  in  the  form  of  an  exponentially  diminishing  sine-wave. 

They  may  consist  of  a very  sharp  'burst*  of  sound  from  a random  process,  as  in  a VTOL  aircraft 
attitude  control  system. 

Figure  2 summarises  the  wave-form,  frequency  spectrum  and  time  history  patterns  of  these  main  categories 
of  sound. 
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3.  INFORMATION  THEORY 

In  this  section  we  shall  examine  at  a fairly  elementary  level,  the  'information'  contained  in  a 
record  of  the  pressure  waveform  (or  other  parameter  such  as  particle  velocity  wave-form).  We  refer  to  the 
continuous  time  pattern  of  the  parameter  whose  fluctuations  are  being  assessed  and  studied  as  the  'signal'. 

Research  and  development  into  aerodynamical ly  generated  noise  increasingly  depends  on  a wide  range  of 
complex  instrumentation,  providing  enormous  quantities  of  such  information.  In  order  to  interpret  such 
information  efficiently,  the  total  data  gathered  in  an  experiment  must  be  "boiled  down"  in  such  a way  that 
we  retain  l :s  essential  meaning.  The  form  of  the  reduced  data  must  be  chosen  for  each  particular  case  to 
give  the  clearest  understanding  of  the  relationship  between  the  measured  property  and  other  physical 
parameters  of  the  system  being  examined. 

3.1  Data  Acquisition  Rates 

To  illustrate  the  rate  at  which  data  can  be  gathered  using  currently  available  techniques,  we  note 
that  an  F.M.  tape  recorder  system  will  acquire  some  6 x 10^  bits/sec  and  an  oscilloscope  and  camera  about 
lO9  bits/sec.  A bit  is  a binary  digit,  the  unit  used  by  data  processing  engineers  to  denote  the  simplest 
element  of  information,  i.e.  the  presence  or  absence  of  an  event  or  quantity.  Bv  contrast  the  simple  meter 
plus  pencil  and  paper  technique  has  a capability  of  about  10  bits/sec.  and  a digital  voltmeter  plus  print 
out  system  up  to  103  bits/second. 

Information  theory  concerns  itself  with  the  gathering,  processing  and  display  of  quantities  used  to 
represent  a physical  property.  Often  the  processing  includes  the  conversion  of  an  information  record  from 
a function  of  one  variable  to  a function  of  another,  and  this  is  termed  Signal  Transformation. 

3.2  Signal  Information 

A physical  property  of  some  process,  machine  or  natural  phenomenon  can  only  be  interpreted 
objectively  by  man  in  terms  of  something  that  he  can  see  or  count.  For  example,  it  is  very  difficult  to 
judg.;  the  speed  at  which  we  travel  in  our  motor  cars  unless  we  have  a speedometer  to  look  at  and  one 
well  known  way  to  a.^sess  the  speed  of  a train  is  by  counting  the  passing  of  telegraph  poles  in  a given 
time  interval.  The  engineer  or  scientist  usually  converts  the  physical  property  into  an  electrical  voltage 
or  mechanical  displacement  by  means  of  a transducer  and  takes  notes  of  the  output  of  such  a device  either 
continuously  or  at  intervals  in  time  or  space.  We  shall  discuss  either  transformation  in  terms  of 
voltage/time  data,  although  the  same  techniques  can  be  used  for  any  record  of  one  physical  representation 
against  another.  We  shall  be  mindful  of  the  fact  that,  usually,  our  voltage  signal  will  directly  represent 
the  sound  pressure  of  the  noise  process  we  are  measuring  and  analysing.  We  shall  also  for  simplicity, 
restrict  our  attention  to  records  which  are  dependent  only  on  a single  variable  as  shown  in  Figure  3.1. 

Such  a record  is  often  very  useful  but  often  contains  either  far  too  much  information,  or  information  in  an 
inconvenient  form  for  learning  something  of  the  system  from  which  it  was  derived.  The  data  can  be  in  a 
number  of  forms :- 


a) 

b) 

c) 

or  d) 
These  for 

a) 

b) 

c) 

d) 


Continuous  function  of  time  - Figure  3.1 

A discrete  time  sampled  function  which  can  be  at  any  level  - Figure  3.2 
A discrete  quantity  or  step  change  function  with  continuous  time  - Figure  3.3 
A discrete  step  function  in  both  time  and  magnitude  - Figure  3.4 
example  could  correspond  to: 

direct  time  record  from  a pressure  transducer 
a cine  frame  record  of  a mercury  manometer 

output  from  a wire  wound  potentiometer  (with  a narrow  wiper) 

the  readings  of  an  automatic  counting  tachometer  with  digital  display 


3.2.2  Information  Capacity 

In  principle,  each  type  of  information  representation  could  house  the  same  quantity  of  information. 
There  is  a certain  time  required  for  the  signal  to  move  from  one  level  to  another  and  for  this  to  be 
identified,  and  clearly  the  more  rapidly  this  can  be  achieved  the  more  information  can  be  gathered 
in  a given  time. 

It  was  stated  earlier  that  the  presence  or  absence  of  some  unit  quantity  constituted  the  simplest 
element  of  information.  Increasing  the  number  of  levels  or  ranks  of  binary  information  can  increase 
information  capacity.  An  example  is  shown  in  Figure  3.5,  where  to  represent  any  one  of  8 signal 
levels  A to  H needs  3 bits  e.g.  F ■ 1-0-1.  To  represent  this  with  a 4 level  system  would  need  2 
data  gathering  periods  or  2 signal  epochs,  and  in  general  the  number  of  epochs  (E)  needed  is  equal 
to  log2  L,  where  there  are  L signal  levels. 

A system  of  L levels  which  can  change  to  a new  level  and  be  identified  in  T seconds  has  a capacity  of 
C ■ 1/T  log2  (L)  bits/second. 
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Simi larly : 

For  the  waveform  of  Figure  3.4  the  number  of  levels  L depends  on  the  accuracy  to  which  the  numbers 
representing  the  physical  quantity  are  stored.  For  fixed  binary  numbers  contained  in  m storage 
locations  with  sampling  at  K per  second  C ■ K x m.  The  waveform  of  3.3  only  gives  information  where 
there  is  a level  change.  If  the  changes  occur,  on  the  average,  at  intervals  t^  then  C » 1/t  log?  L. 
Assuming  that,  for  a continuous  system  such  as  Figure  3.1,  the  waveforms  were  measured  exactly; 
then  in  principle  the  information  contained  is  limitless.  However  there  is  always  some  uncertainty 
imposed  by  random  elements  of  the  system  being  studied  or  b*/  electronic  noise. 

It  can  be  shown  that  for  a continuous  system  that  C = k/2  log?  (1  + P/N)  where  P and  N represent 
signal  power  level  and  noise  power  level  respectively,  the  latter  strictly  speaking  being  of  the 
Gaussian  random  type.  Thus  each  type  of  representation  of  signal  is  capable  of  providing  the  same 
quantity  of  information  by  proper  choice  of  time  constant,  signal-to-noise,  and  data  storage. 

The  continuous  waveform  may  be  related  to  the  sampled  waveform  (3.2)  by  assuming  some  upper  limit  to 
the  rate  of  change  or  frequency  content  of  the  signal.  It  can  be  shown  that  to  represent  fully  a 
signal  with  highest  frequency  component  f max  at  least  2 fmax  samples  per  second  must  be  acquired. 

Thus  c = f log?  (1  ♦ P/N)  and  no  matter  what  process  is  carried  out  on  the  acquired  data,  C is  the 
maximum  r a?eXol  retrieval  of  information.  For  example  for  a typical  noise  or  vibration  data  system 
of  signal  to  noise  ratio  10^  (50dB)  and  bandwidth  20kHz  information  is  supplied  at  some  330,000  bits 
per  second. 

We  now  go  on  to  describe  and  outline  techniques  usedto  extract  the  more  useful  information  from  this 
enormous  flood  of  data. 

3.3  Transformations 

3.3.1  Conservative  Transforms 

Processes  applied  to  signals  in  which  the  original  form  cannot  be  reconstructed  are  known  as  non- 
conservative. It  is  helpful  however,  first  to  discuss  those  which  do  permit  the  original  signal 
to  be  conserved. 

For  discrete  waveforms  which  repeat  after  an  interval  of  time  (or  space)  it  is  best  to  measure  in 
terms  of  events  per  second  (or  per  metre).  We  need  to  transform  from  a time  (or  distance)  domain  to 
a frequency  domain. 

3. 3. 1.1  Fourier  Analysis  - Any  repetitive  waveform  may  be  divided  into  component  sinusoidal  waves  of 
various  frequencies  by  the  well  known  Fourier  Analysis.  Sine  waves  are  convenient  because  they  have 
the  same  form  on  integration  or  dif ferentation  and  linear  systems  give  sinusoid  outputs  for  sinusoid 
inputs.  Figure  4.1  shows  a repeating  voltage  pulse  and  the  first  3 Fourier  components  or  harmonics. 

By  retaining  the  phase  relationship  between  each  component,  the  original  signal  could  obviously  be 
reconstructed  by  summation  of  all  the  components. 

The  amplitudes  An,  Bn  of  each  harmonic  n can  be  determined  from  the  expressions  set  out  in  Figure  4.1. 
These  are  seen  to  be  of  similar  form  where  the  original  data  is  of  the  discrete  sampled  type  as  for 
the  continuous  waveform  case.  Theoretically  we  need  an  infinite  set  of  harmonics  but  in  practice 
lack  of  detail  in  the  input  signal  sensibly  limits  the  number.  Physically  the  process  of  determining 
the  coefficients  can  be  regarded  as  masking  of  the  time  function  by  each  component  waveshape  and 
averaging  the  masked  result.  This  is  easily  seen  for  a unit  pulse  as  shown  in  Figure  at  4.2.  The 
amplitude  and  phase  information  can  also  be  represented  by  a series  of  complex  coefficients  C in 
which  case  n can  take  negative  values.  In  the  vector  representation  shown  on  Figure  4.1,  the 
negative  values  of  n represent  the  complex  conjugates,  or  mirror  images  in  the  real  axis  C *,  of  the 
positive  coefficients.  Note  that  in  complex  notation,  the  forms  of  the  time  domain  and  frequency 
domain  expressions  are  similar  apart  from  a factor  and  the  sign  of  the  exponent. 

3.3. 1.2  Fourier  Transforms  - Where  a function  is  not  periodic  we  can  still  convert  to  the  frequency 
domain  by  extending  the  period  to  infinity  (effectively)  thus  making  the  fundamental  frequency 
approach  zero  (f).  To  avoid  becoming  also  zero,  we  keep  n x f finite  by  allowing  the  number  of 
components  n to  become  very  large.  We  define  a new  frequency  domain  function  by  V ( f ) « C /f  whose 
relationships  are  set  out  on  Figure  5,  again  for  continuous  and  discrete  functions.  Notice  again 
the  same  similarity  of  form  in  both  time  and  frequency  domain. 

An  example  is  shown  in  Figure  5.1  of  the  transform  for  a unit  pulse  of  width  6.  The  frequency 
"spectrum"  rapidly  falls  to  a low  value  in  the  range  zero  to  1/6  Hz,  but  hovers  about  the  frequency 
axis  asymtot ical ly  to  infinity.  In  Figure  5.2  and  5.3  the  effect  of  pulse  width  is  illustrated 
(maintaining  constant  pulse  area  by  increasing  amplitude  inversely).  The  effect  is  an  inverse  re- 
lationship between  spectrum  width  and  pulse  width. 

For  a train  of  identical  pulses  at  regular  intervals  (Figure  5.4);  the  frequency  domain  consists  of 
a number  of  spectral  lines  at  a frequency  interval  set  by  the  repetition  rate.  The  shape  of  the  line 
spectrum  envelope  is  controlled  by  the  shape  of  each  pulse  and  again  there  is  an  inverse  width 
relationship  between  time  and  frequency  domain.  The  discrete  form  of  the  pulse  train  example  is 
shown  in  Figure  5.5.  After  frequency  Qfo/2  the  envelope  repeats  in  mirror  image  form  and  thus  sets 
an  upper  frequency  limit  for  a given  sampling  system.  The  length  of  signal  record  determines  the 
spacing  of  the  frequency  lines  and  the  number  of  samples  taken  determine  the  number  of  lines  and 
therefore  the  frequency  range.  More  samples  give  redundant  information. 

3.3. 1.3  Other  Conservative  Transforms  - These  are  mentioned  briefly,  but  further  reading  should  be 
sought  for  detailed  accounts.  There  is  no  reason  why  sine  wave  components  must  be  used  for  fre- 
quency analysis.  Laplace  Transforms  use  either  exponentially  decaying  or  increasing  waves  and  are 
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used  where  expressions  for  the  frequency  dom.iin  would  not  otherwise  converge,  e.g.  where  the  time 
function  has  a value  at  infinite  time  such  as  when  a single  voltage  step  is  applied  to  a circuit. 

The  discrete  inf  orm.it  ion  extension  of  Laplace  transforts  is  termed  a 7.  transform. 

Walsh  functions  use  square  waves  of  various  frequencies  and  can  he  used  in  place  of  Fourier  analysis 
where  the  time  domain  signal  has  sharp  regular  changes.  They  have  the  advantage  of  requiring  fewer 
harmonics  to  obtain  full  representation  of  the  signal. 

3.3.2  Non-Conservative  Transforms 

In  achieving  our  aim  to  lose  non-essential  information  it  is  often  advantageous  to  he  able  to  use 
several  appropriate  non-conservative  transforms  in  conjunction  with  one  another.  Obviously  tape 
recorded  data  or  a digitally  stored  equivalent,  enables  many  such  processings  to  be  attempted  on  the 
same  time  domain  data  until  a satisfactory  understanding  of  the  physical  system  being  studied  is 
obtained.  No  real  signal  could  be  predicted  with  absolute  confidence  as  it  always  contains  some 
element  of  probability.  Thus  even  sine  waves  in  practice  contain  deterministic  and  probabilistic 
parts.  The  following  techniques  can,  in  the  main,  be  applied  to  both  types  of  signal. 

3. 3. 2. 1 Ensemble  Averaging  - This  process  is  also  known  as  cyclic  averaging  and  signal  eduction, 
and  can  be  used  to  extract  a signal  known  to  be  repetitive  from  within  random  signals  or  noise.  A 
large  number  of  time  records  of  the  signal  are  collected,  each  starting  at  the  expected  repetition 
frequency.  This  is  achieved  either  by  means  of  some  triggering  signal  (on  another  tape  channel)  or 
by  means  of  an  accurate  clock  pulse  in  the  sampling  device.  This  is  illustrated  in  Figure  6.  Each 
record  can  be  regarded  as  the  sum  of  the  repetitive  or  deterministic  signal  and  the  probabalistic 
component  (6.1).  Clearly,  an  ensemble  average  of  the  deterministic  signal  at  each  point  in  time  from 
the  triggering  will  be  of  identical  form  to  each  individual  record  (6.2).  However,  the  probabilistic 
ens^mbled  average  will  tend  to  zero  for  Gaussion  noise  (6.3)  and  after  R averaging  the  signal  to  noise 
ratio  will  be  effectively  /R  greater  than  initially.  Figure  7 shows  the  graphical  relationship 
between  initial  and  final  signal  to  noise  (in  decibels)  and  it  can  be  seen  that  a signal  originally 
buried  in  noise  by  20  decibels  becomes  20  decibels  clear  of  the  noise  power  after  10*  averagings.  Figure 

8.1  shows  the  waveform  of  a signal  in  which  a 0.8  volts  peak  to  peak  500  Hz  sine  wave  is  immersed 
in  noise  of  the  order  of  10  times  this  voltage  range.  The  tone  is  clearly  shown  up  when  a 36  degrees 
of  freedom  Power  Spectrum  is  calculated.  Doubling  the  degrees  of  freedom  indicates  a slightly 
reduced’ noise’  contribution  to  the  sinusoidal  component. 

Figures  8.2  to  8.5  show  the  effect  of  progressively  greater  numbers  of  averagings  of  the  waveform  and 
the  resulting  progressive  isolation  of  the  500  Hz  component  in  the  Fourier  Transform  of  the  averaged 
waveform.  (The  low  frequency  peaks  should  be  ignored  since  they  arise  from  slight  amplitude  fluctua- 
tions of  the  500  Hz  tone). 

Eduction,  which  can  be  performed  digitally  or  in  analogue  fashion,  is  clearly  a useful  tool  in  the 
interpretation  of  signals  from  rotating  machinery. 

3. 3. 2.2  Probability  Functions  - Sometimes  the  time  at  which  a signal  level  was  present  is  not 
important  and  we  are  merely  interested  to  know  how  often  a given  level  will  occur.  An  example 
is  in  the  analysis  of  strain  data  for  possible  overload.  Here  probability  functions  are  helpful, 
sometimes  termed  amplitude  domain  representations. 

The  cumulative  probability  Pv  of  a signal  at  a level  V can  be  obtained  by  summing  all  time  intervals 
for  which  the  signal  is  less  than  V and  dividing  by  the  total  time  T - see  Figure  9.1.  As  V is 
raised,  the  value  of  P goes  from  zero  to  unity  since  all  real  signals  have  a finite  range.  For 
discrete  samples  signals  we  merely  take  the  proportion  of  total  samples  below  the  specified  levels 
of  V. 

The  probability  density  function  (P.D.F.)  is  more  often  useful  and  is  in  effect  the  differential  or 
slope  of  the  cumulative  probability  function.  Clearly  at  high  and  low  V the  P.D.F.  (symbol  Pv)  of 
zero  and  the  total  area  under  the  curve  must  be  the  total  or  cumulative  probability  over  the  signal 
range  and  equals  unity.  The  area  between  any  two  voltage  values  represents  the  probability  that  the 
signal  is  between  them. 

Examples  of  Pv  and  pv  are  shown  in  Figure  9.2  for  sinusoidal,  random  and  other  types  of  signal  and 
these  functions  clearly  enable  the  form  of  the  time  domain  data  to  be  distinguished.  For  a sinusoid 
the  theoretically  infinite  value  at  the  amplitude  voltage  becomes  modified  for  real  waves  into  the 
form  indicated. 

We  can  also  examine  the  probability  that  one  signal  lies  at  one  voltage  whilst  another  signal  lies 
at  another  voltage.  A joint  probability  density  function  can  thus  be  obtained  for  the  two  signals 
(Figure  9.3).  Here  the  volume  under  the  3 dimensional  surface  is  unity  and  the  probability  of  the 
voltage  lying  between  two  values  whilst  the  other  lies  between  other  values  is  given  by  the  column 
enclosed  by  the  voltage  limit  planes.  For  signals  totally  unrelated  to  each  other  the  sections  in 
each  voltage  plane  are  of  identical  form  and  equal  to  the  individual  P.D.F.'s.  For  more  related 
signals  the  "plan  view"  becomes  more  and  more  elipsoidal  and  eventually  becomes  a line  bisecting  the 
two  voltage  axes  for  completely  correlated  waveforms. 

3. 3. 2. 3 Overall  Signal  Parameters  - The  most  common  non-conservative  parameters  used  to  describe 
signals  are  single  number  values  (for  stationary  signals  whose  average  values  remain  time  invariant). 
These  can  be  obtained  either  from  a further  "boiling  down"  of  the  amplitude  domain  functions  of 

3. 3. 2. 2 or  found  directly  from  the  time  domain, 
a)  Mean  Value 

Effectively  the  d.c.  component.  Obtained  by  time  averaging  the  signal  or  from  the  difference  in  areas 
enclosed  by  the  C.P.  (Cumulative  Probability)  plot.  Alternatively  it  is  given  by  the  1st  moment  of  area 
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of  the  P.D.F.  about  the  V - 0 axis.  Figure  10. I illustrates  this.  Very  highly  damped  electro- 
mechanical instruments  display  this  value. 

b)  Mean  Rectified  Value 

The  cheaper  dynamic  signal  meters  indicate  this  value.  The  modulus  of  the  signal  is  time  averaged 
or  alternatively  the  sum  of  the  C.P.  plot  areas  is  taken  (10.2).  This  parameter  does  not  in  itself 
have  much  physical  significance  except  when  known  to  be  related  to  other  parameters  for  simple 
waveforms . 

c)  Mean  Square  and  R.M.S.  Values 

This  is  more  useful  as  both  positive  and  negative  protions  of  the  waveform  are  equally  influential. 
Effectively  the  total  energy  of  the  signal  is  found  by  this  means.  The  values  can  also  be  derived 
in  terms  of  the  probability  functions  as  shown  on  Figure  10.3.  Where  a signal  has  a d.c.  component, 
we  can  modify  the  mean  square  by  operating  on  the  difference  value  between  signal  and  d.c. 

The  2nd  moment  of  the  P.D.F.  is  thus  a measure  of  the  mean  square  value.  For  the  total  signal  the 
2nd  moment  is  taken  about  the  V ■ 0 axis  and  for  the  varying  part  about  the  V ■ mean  value  line. 

This  is  the  same  as  the  variance  of  the  signal  and  thus  the  r.m.s.  value  and  the  standard  deviation 
are  equivalent. 

Sometimes  higher  moments  are  useful  and  the  3rd  order  moment  is  used  to  examine  skewness  (or  asymmetry 
of  the  probability  distribution). 

d)  Peak  Value 

Peak  v. lue  is  of  interest  for  example  if  it  is  required  to  avoid  an  overload  in  a system.  For 
probabilistic  parameters  this  is  difficult  when  the  P.D.F.  has  skirts  which  have  a significant 
probability  value  at  large  signal  voltages.  In  Figure  9.4  the  area  of  the  shaded  portions  represent 
the  probability  that  the  signal  will  exceed  (positively  or  negatively)  the  value  Vj.  An  acceptable 
probability  of  failure  can  be  chosen  to  define  Vj  and  hence  monitored  for  overload  risk.  In  electronic 
circuits  we  may  choose  to  define  Vj  on  the  basis  of  acceptable  loss  of  signal  energy  due  to  overload. 

e)  Peak  and  Form  Factors 

These  give  a simple  indication  of  signal  type.  The  Peak  Factor  is  defined  as  the  ratio  of  peak  value 
to  r.m.s.  value  and  is  sometimes  called  the  crest  factor.  A "broad"  signal  such  as  a square  wave  has 
a crest  factor  of  unity,  whilst  a triangular  or  sawtooth  wave  gives  a ratio  of  1.732.  Other  values 
for  various  signals  are  given  in  Figure  9.5.  It  is  useful  to  appreciate  the  typical  crest  factors 
for  signals  in  order  to  avoid  overload  distortions  when  recording  sound  which  has  large  peaky 
excursions . 

The  Form  Factor  is  similar  and  is  the  ratio  of  r.m.s.  to  rectified  mean  values.  Again  this  indicates 
the  shape  of  the  wave  form  giving  a value  of  unity  for  a square  wave  and  1.14  for  triangular  waves. 

3. 3.2.4  Cross  Correlation  Functions  - Just  as  one  dimensional  probability  functions  can  be  reduced 

to  simple  overall  parameters,  a joint  probability  density  function  can  be  reduced  to  a single  factor 
by  taking  moments  about  both  voltage  axes.  The  result  is  the  cross-correlation  between  the  two 

waveforms.  For  the  symmetrical  type  of  joint  probability  plot,  the  value  of  CAB  will  be  zero 

indicating  no  relationship  of  one  signal  with  the  other.  The  cross-correlation  can  also  be  obtained 
from  the  time  domain  information  by  multiplying  the  signal  values  at  each  instant  of  time  and  averaging 
the  result  timewise.  The  expressions  are  shown  in  Figure  11.1. 

All  information  about  time  and  hence  phase  is  lost  in  the  averaging  process.  However,  more  information 
can  be  retained  by  delaying  one  signal  with  respect  to  the  other  and  evaluating  the  cross-correlation 
for  all  values  of  delay  time.  The  resultant  function  Car(t)  has  a form  which  depends  considerably  on 
the  two  signals.  If  a random  signal  from  a process  is  collected  at  points  of  the  system  which 
effectively  delay  one  by  a time  Tj,  with  respect  to  the  other,  then  the  function  CAfi(x)  will  maximise 
at  t * Tj,  and  will  rapidly  fall  to  zero  for  other  values  of  t. 

Totally  unrelated  signals  will  give  CAB(x)  zero  for  all  t.  Identical  frequency  sinusoidal  signals 
will  likewise  peak  up  at  t^,  but  will  also  peak  at  intervals  defined  by  the  period  of  the 

sinusoidal  components  present  (see  Figure  11.3).  If  sinusoidal  signals  have  superimposed  noise,  then 
the  cross  correlation  will  combine  the  characteristics  of  the  components  and  we  have  another  means  of 
evaluating  the  true  signal  (11.4). 

3. 3.2. 5 Auto-Correlation  Function  - This  is  simply  the  same  as  a cross  correlation  except  that  one 
signal  is  "crossed"  with  a delayed  version  of  itself.  In  contrast  to  cross  correlation  the  auto- 
correlat ion:- 

1)  is  always  maximum  at  zero  delay  (t  ■ 0)  as  one  would  expect  since  a signal  must  have  utmost 
correlation  with  itself; 

2)  at  zero  delay  its  value  becomes  the  mean  square  value  of  the  signal.  (Thus  for  two  signals,  the 
cross  correlation  at  zero  delay  is  in  effect  a measure  of  the  energy  content  of  their  related 
parts) ; 

3)  is  symmetrical  about  t * 0,  since,  in  this  case,  it  does  not  matter  which  signal  is  delayed. 

The  auto-correlation  is  not  a linear  function  and  the  sum  of  separate  functions  will  not  give  the 
function  for  the  total  of  their  respective  signals.  Instead  the  summation  involves  cross  correlation 
terms.  An  example  of  the  auto-correlation  of  a random  signal  is  shown  in  Figure  11.5.  Other  types, 
such  as  sine  and  mixed  sine  and  noise  have  similar  forms  to  their  cross  correlation  apart  from  having 
the  maximum  at  t * 0. 

3. 3.2.6  Correlation  Function  Coefficients  - Sometimes  cross  correlation  functions  are  normalised  by 
means  of  the  product  of  the  r.m.s.  values  of  each  signal.  Remembering  that  the  r.m.s.  is  the  auto 
correlation  value  at  x • 0,  the  coefficient  becomes: 
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3. 3. 2. 7  Power  Spectra  - Cross  and  auto-correlations  are  time  domain  averaged  functions.  Tn  3. 3. 1.2 
we  obtained  frequency  domain  data  by  Fourier  trans . ormat ion . Fourier  transformation  of  the  auto- 
correlation function  (using  t as  a time  variable)  likewise  yields  frequency  domain  function  which 
expresses  the  frequency  distribution  of  the  energy  per  unit  bandwidth  of  the  signal.  This  is  termed 
the  power  spectral  density  and  can  be  integrated  for  all  frequencies  to  give  the  mean  square  value. 

It  can  be  shown  that  the  power  spectrum  can  also  be  obtained  by  multiplying  the  Fourier  transform  of 
the  signal  by  its  conjugate  and  averaging  over  a number  of  samples.  The  expressions  involved  are  set 
out  in  Figure  12.1.  CA  is  an  even  function  producing  a real  function  in  the  frequency  domain. 

However  the  mathematical  definition  of  f permits  negative  values,  and  for  real  frequencies  the  cal- 
culated power  spectrum  values  must  be  doubled.  Figure  12.2  shows  an  example  of  the  power  spectrum 
of  a narrow  band  of  random  noise.  Again  the  familiar  inverse  relationship  between  time  and  frequency 
domains  holds  and  a wide  band  power  spectrum  results  from  an  inf  ini tess imal ly  wide  auto-correlation 
funct ion. 


For  a pure  tone  the  power  spectrum  theoretically  consists  of  an  inf initessimal  width  and  infinite 
height.  In  practice  at  infinite  delay  the  auto-correlation  of  all  real  signals  must  tend  to  zero 
and  so  the  height  of  the  line  spectrum  is  limited  to  a finite  value  (12.3). 

3. 3.2.8  Cross  Spectra  - The  Fourier  transform  of  the  cross  correlation  function  gives  the  cross 
spectrum  for  two  signals  and  indicates  the  power  density  at  each  frequency  common  to  both  signals 
and  also  gives  the  phase  between  them.  This  arises  because  the  cross  correlation  function  is  not 
even  and  hence  the  frequency  domain  function  is  complex.  The  real  component  is  termed  the  co- 
spectrum and  the  imaginary  part  the  quad  or  quadrature  spectrum.  Alternatively  an  expression  in 
argument  and  exponent  form  can  be  used  as  in  Figure  12. A. 


3. 3.2.9  Coherence  Function  - More  information  can  be  obtained  about  a system  by  using  the  coherence 
function  (12.5).  Suppose  we  sample  a signal  A at  input  and  B at  output  from  a system  whose  frequency 
response  function  is  H(f)  (Figure  12).  The  output  at  B may  contain  system  noise  as  well  as  components 
arising  from  its  treatment  of  input  A.  The  cross  spectrum  between  A and  B measures  the  common  part. 
The  response  is  the  ratio  of  this  cross  spectrum  to  the  input  spectrum,  that  is: 
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In  the  absence  of  noise  the  response  would  also  be  the  square  root  of  the  ratio  of  the  individual 
power  spectra: 

ryn 

that  is  H(f)  * - — and  therefore  the  ratio  of  these  two  denominations  is  unity  for  zero  system 

noise.  This  \ j A^  ratio  which  is  equivalent  to: 
sA2B(f) 
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is  called  the  coherence  function  and  is  reduced  to  zero  as  more  and  more  noise  becomes  included  in 
B such  that  B and  A become  totally  unrelated. 


3.3.3  Function  Relationships 

Figure  13  summarises  the  relationships  between  the  various  non-conservative  functions  and  values. 
Those  marked  with  an  asterisk  can  be  used  to  separate  signals  from  superimposed  noise. 


4.  BASIC  INSTRUMENTATION 


For  noise  experiments,  we  need  to  make  use  of  the  basic  instrumentation  scheme  depicted  in 
Figure  14.  Firstly  the  pressure  signals  from  the  experiment  must  be  converted  to  an  electrical  (voltage) 
signal  using  a pressure-to-voltage  transducer,  which  is  termed  a microphone  when  sound  pressure  fluctuations 
in  air  are  being  detected.  It  is  unusual  for  the  voltage  signals  from  the  transducer  to  be  either  strong 
enough,  or  to  be  in  a suitable  form  simply  to  be  passed  directly  to  an  instrument  for  determining  the 
signal  level.  It  has  to  be  passed  through  some  form  of  amplifier  to  increase  its  voltage  as  a faithful 
but  magnified  replica  of  the  original  signal  without  unacceptable  distortion.  We  may  wish  to  examine  the 
frequency  domain  composition  of  the  signal,  and  so  some  form  of  signal  analyser  may  be  coupled  to  the 
amplifier  output.  Finally  it  will  be  necessary  to  employ  some  type  of  display  device  in  order  that  we 
may  'read'  the  values  of  the  signal  levels  or  spectral  composition.  When  we  measure  the  characteristics 
of  a sound  source  in  this  manner,  the  instrumentation  is  said  to  be  'on-line',  i.e.  we  measure  the  levels 
etc.  at  the  very  time  that  the  experiment  is  in  progress.  Alternatively  we  may  store  the  amplified  signal 
in  some  form  of  store  which  can  reproduce  the  original  data-form  at  a later  time  for  analysis  metering  and 
display. 

4.1  Microphones 

Microphones  may  be  made  either  to  respond  to  the  acoustic  pressure  value  to  the  gradient  of  pressure. 
The  latter  are  not  of  general  merit  for  acoustic  experimental  work.  Of  the  direct  pressure  types,  the 
main  categories  in  use  are  the  moving  coil,  the  condenser,  the  R.F.  capacitor,  the  electret  and  the  piezo- 
electric microphones. 

There  is  no  direct  way  of  converting  acoustic  pressure  into  an  electrical  "copy"  but  a microphone  diaphragm 
may  be  set  in  motion  in  sympathy  with  the  incident  acoustic  pressure.  The  diaphragm  movement  may  then  be 
measured  electronically.  The  main  difference  between  microphone  types  lies  in  the  method  of  detecting  the 
diaphragm  displacement. 
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4.1.1  Capacitor  or  Condenser  Microphone 

This  type  (Figure  15)  generally  gives  the  most  accurate  and  consistent  readings  but  is  relatively 
expensive.  It  should  be  noted  that  since  this  microphone  requires  about  200  volts  tor  its  operation 
its  use  in  potentially  explosive  envitonments  (e.g.  in  an  oil  refinery)  may  be  prohibited. 

The  metal  diaphragm  is  placed  close  to,  but  insulated  from,  a metal  backplate  (Figure  15).  The  two 
parts  thus  form  a capacitor  which  varies  in  value  as  the  acoustic  pressure  displaces  the  diaphragm. 

A steady  voltage  is  applied  through  a high  resistance  (s  108  ohms)  to  the  capacitor,  thus  ensuring 
constancy  of  electrical  charge.  Thus  the  variable  capacitance  causes  the  voltage  across  it  to  vary 
(v  = Q),  as  a "copy"  of  the  acoustic  pressure.  Therefore,  the  voltage  measured  indicates  the  sound  press- 
ure. ^ Sensitivity  ranges  from  about  50mVper  Pa  for  a 1"  diameter  diaphragm  to  lmV  per  Pa  for  a J" 
di ameter . 

Although  this  microphone  is  very  good  it  has  several  sources  of  error  which  will  be  considered  together 
in  Section  4.1,7. 

4.1.2  R.  F.  Capacitor  Microphone 

This  is  a type  of  condenser  microphone  which  does  not  require  the  high  polarisation  voltage.  Instead 
the  capacitive  effect  of  the  microphone  is  used  to  modulate  the  frequency  of  a high  frequency  oscillator 
(typically  8MHz).  Thus  any  sound  wave  incident  on  the  diaphragm  frequency  modulates  the  carrier  wave, 
(similar  to  V.H.F.  FM  radio).  The  carrier  can  then  be  modulated  and  the  audiofrequencies  extracted 
and  amplified. 

There  are  two  major  advantages  of  this  type  of  microphone: 

a)  Dust  and  particulate  contamination  of  the  diaphragm  are  reduced  because  it  is  no  longer  charged. 

b)  The  system  may  be  operated  at  low  voltages  making  it  suitable  for  use  in  potentially  explosive 
situations.  Accuracy,  reliability  and  sources  of  error  are  very  much  as  for  the  conventional 
condenser  microphone. 

4.1.3  Electret  Microphone 

This  is  another  derivative  of  the  condenser  microphone  where  the  polarisation  voltage  is  permanently 
"embedded"  in  the  diaphragm.  By  making  the  diaphragm  from  a sandwich  of  ceramic  polymers  and  plating 
the  external  surface  with  a metallic  layer,  the  diaphragm  can  be  induced  to  take  up  a permanent  charge 
(Figure  16).  This  charge  will  remain  stable  throughout  the  life  of  the  microphone.  Operational ly , 
the  microphone  behaves  exactly  as  a normal  condenser  microphone,  and  a voltage  output  is  produced 
proportional  to  the  incident  sound  field.  Such  microphones  are  comparatively  novel  but  initial  problems 
matching  the  stability  of  a conventional  condenser  microphone  nave  been  largely  overcome.  They  are 
also  not  now  as  expensive  as  they  were  and  as  an  overall  system  they  can  be  used  with  cheaper  unspecial- 
ised pre-amplifiers  and  require  no  polarisation  voltage  supply. 

4.1.4  Piezo-electric  Microphone 

Certain  crystals  behave  like  capacitors  and  develop  charge  and  voltage  across  opposite  faces  when  a force 
and  strain  is  applied  in  another  axis.  In  the  piezo-electric  microphone,  a diaphragm  is  used  to  convert 
the  acoustic  pressure  into  a force  (Figure  17).  As  in  the  capacitor  microphone,  a special  amplifier  must 
be  used.  Piezo-electric  microphones  are  cheaper  than  the  capacitor  types  but  are  easily  damaged  by 
elevated  temperatures.  The  older  types  using  Rochellesalt  crystals  were  limited  to  45  C maximum  and  the 
calibration  was  also  temperature  dependent.  Older  types  were  also  damaged  in  high  humidity  conditions. 
Modern  materials  such  as  Barium  Titanate  permit  operations  up  to  55  C and  are  only  affected  by  humidity 
greater  than  90%.  Sensitivities  are  generally  25dB  less  than  the  equivalent  area  condenser  microphone. 

4.1.5  Low  Frequency  Microphones 

Pressure  equalisation  effects  and  also  cathode  follower  change  leakages  mean  that  specially  designed 
microphones  must  be  used  for  signals  where  very  low  frequency  components  are  expected,  e.g.  for  sonic 
boom  measurements.  The  microphone  illustrated  in  Figure  18  is  capable  of  measuring  as  low  as  0.1Hz 
and  has  a sealed  diaphragm  in  place  of  the  usual  equalisation  ventilation  hole.  It  is  used  with  a 
special  F.M.  based  (carrier)  amplifier  in  place  of  the  usual  cathode  following  and  power  supply  system. 

4.1.6  Moving  coil  microphone 

Attached  to  a diaphragm  is  a coil  of  fine  wire  which  moves  in  a strong  magnetic  field  when  an  acoustic 
pressure  displaces  the  diaphragm.  Thus  the  acoustic  pressure  generates  a small  voltage  in  the  coil 
as  the  replica  of  the  sound  pressure  and  this  is  then  amplified  to  a suitable  level. 

This  type  of  microphone  is  quite  robust,  requires  no  cathode-follower  for  long  cables  but  does  not  have 
the  frequency  range  of  the  other  types.  This  type  of  microphone  is  very  useful  for  field  work  but  is 
rarely  used  in  contemporary  aero-noise  research.  Care  must  be  taken  in  strong  magnetic  fields  (i.e. 
near  transformers)  to  avoid  erroneous  or  spurious  signals. 

4.1.7  Directional  microphones 

By  using  a long  tube  with  slotted  ports  through  which  the  sound  field  is  sampled,  a combined  use  of  the 
interference  principle  and  pressure  gradients  can  lead  to  a highly  directional  microphone  (Figure  19). 

For  many  relatively  high  frequency  sourcgs  of  aerodynamic  sound,  the  acceptance  cone  angle  for  6dB 
below  peak  levels  can  be  as  little  as  30  either  side  of  the  axis,  and  hence  the  use  of  such  a micro- 
phone might  be  considered  in  situations  where  unwanted  reflections  might  occur  from  a rig  or  tunnel 
wall.  On  axis  frequency  response  is  maintained  acceptably  flat  in  the  range  100  Hz  to  20kHz. 

4.1.8  Low  Airflow-Self-Noise  Microphones 

Where  microphones  are  to  be  used  in  modest  airflows,  of  the  order  of  10  m/s  or  less,  then  simple  foam 
ball  wind  shields  are  effective  and  give  rise  to  negligible  error  due  to  its  presence.  For  higher  speed 
flows,  special  nose  coneB  can  be  fitted  which  have  been  designed  to  create  as  little  disturbance  as 
possible  '/hich  would  give  rise  to  flow  boundary  pressure  fluctuations  in  the  normal  audio  frequency 
test  range  (Figure  20).  These  cones  impose  a ♦ 2 to  3 dB  change  in  high  frequency  response  dependent 
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on  the  size  of  condenser  mic  and  cone,  and  on  th^  precise  angle  of  sound  wave  incidence  to  the  cone 
axis.  Manufacturers  data  should  be  consulted  for  details  in  any  given  application.  It  is  not  possible 
to  eliminate  wind  noise  by  these  cones,  but  about  lOdB  improvement  compared  to  a standard  microphone  and 
protection  grid  is  obtained  when  the  wind  is  along  the  axis  of  symmetry.  As  speed  increases  there  will 
nevertheless  become  a limit  where  the  self  generated  noise  levels  are  unacceptably  close  to  those  to  be 
measured  from  the  test  source.  An  approximate  guide  is  that  in  a 160  km/hr  airstream  an  overall  level 
of  just  over  100  dB  LIN  is  generated  by  the  airflow,  but  high  pass  filtering  at  about  250  Hz  would 
further  improve  the  situation. 

Using  the  same  interference  principle  as  for  the  long  tube  directional  microphone,  but  optimised  for 
the  rejection  of  the  convected  turbulence  pressures  along  the  tube,  a microphone  has  been  developed 
which  improves  signal  to  noise  ratio  by  up  to  6dB.  Acoustically  originating  waves  in  the  airflow  are 
not  convected  at  the  same  speed  as  those  due  to  the  turbulence  field  and  hence  it  is  possible  to 
arrange  for  these  not  to  be  rejected. 

4.1.9  Sources  of  Error 

The  following  sources  of  error  may  occur  in  all  microphones: 

a)  If  the  microphone  or  its  stand  is  placed  on  a surface  which  is  vibrating  then  the  microphone  dia- 
phragm itself  may  vibrate  relative  to  the  microphone  body  and  produce  a spurious  signal  at  the 
microphone  output.  Care  must  be  taken  to  isolate  microphones  from  vibrating  components. 

b)  In  an  airstream  a microphone  will  generate  turbulence  whose  pressure  fluctuations  produce  unwanted 
diaphragm  movements  and  hence  output.  Special  wind  shields  are  available  as  discussed  in  4.1.8. 

c)  Obviously  very  quiet  sounds  will  produce  very  small  output  voltage  from  a microphone  and  although 
these  small  voltages  may  be  amplified  electronically  to  a workable  magnitude  a limit  is  reached 
where  the  microphone  output  becomes  comparable  to  or  less  than,  the  inherent  electronic  noise 
generated  by  the  amplifier.  Thus,  as  sounds  become  weaker,  a point  is  reached  (generally  at  about 
10  to  20  dB  sound  pressure  level  depending  on  microphone  and  amplifier),  where  the  amplified  out- 
put tends  to  become  constant  at  the  constant  noise  voltage  of  the  amplifier.  Manufacturer's  data 
should  be  consulted  when  measuring  "quiet"  sounds. 

d)  Very  loud  sounds  produce  large  diaphragm  displacements,  with  resulting  non-linearity  and  distortion 
of  the  microphone  output  (in  an  extreme  case  the  diaphragm  could  touch  the  backplate).  Again  the 
microphone  manufacturer's  data  should  be  consulted  as  distortion  is  dependent  both  on  the  microphone 
and  the  amplifier  (exercise  caution  above  an  S.P.L.  of  120  dB.)  Exposure  to  extreme  noise  levels, 
shocks  due  to  dropping  the  microphone,  or  even  careless  clamping  of  the  microphone  body  to  a support 
may  destroy  the  microphone  or  cause  a serious  loss  in  calibration. 

e)  Due  to  the  fact  that  the  microphone  diaphragm  has  mass  and  compliance  and  forms  a damped  resonant 
system  at  high  frequency,  the  sensitivity  of  the  microphone  falls  rapidly  with  increase  of  fre- 
quency above  resonance.  Ideally  a microphone  should  measure  pressure  at  a point,  but  since  the 
diaphragm  must  be  large  enough  to  give  sufficient  sensitivity,  the  microphone  measures  the  net 
pressure  over  the  area  of  the  diaphragm.  Obviously  this  affects  the  response  at  frequencies  where 
the  acoustic  wavelength  becomes  comparable  with  the  diameter  of  the  diaphragm.  These  effects, 
together  with  distortion  of  the  sound  field  produced  by  the  body  of  the  microphone  at  short  wave- 
length, result  in  a microphone  response  which  is  dependent  on  frequency,  microphone  shape  and  size 
and  angle  of  sound  wave  arrival.  A small  microphone  size  is  required  for  high  frequency  (short 
wavelength)  measurements . The  microphone  response  should  be  carefully  studied  if  frequencies  above 
5kHz  are  to  be  measured.  Typical  response  characteristics  are  shown  in  Figure  21.  A microphone 
with  a poor  frequency  response  may  give  serious  error  when  measuring  close  to  the  peak  equencies 
and  it  is  therefore  important  to  use  high  quality  microphones  for  noise  measurements  and  to  point 
the  microphone  in  the  correct  direction  relative  to  the  source  of  the  sound.  This  is  because 
types  may  be  obtained  to  give  the  greatest  possible  response  at  either  normal  incidence , 90  to  normal 
(grazing),  or  random  (sound  issuing  simultaneously  from  all  directions).  Other  microphones  are 
designed  to  respond  optimally  in  an  enclosed  "pressure"  space  environment  as  opposed  to  the  normal 
free  field  situation. 

f)  A small  pressure  equalizing  channel  must  be  provided  between  the  cavity  formed  behind  the  micro- 
phone diaphragm  and  the  outside  atmosphere  so  that  the  diaphragm  will  not  be  distorted  by  changes 
in  atmospheric  pressure.  Obviously  the  acoustic  pressure  tries  to  equalise  as  well  and  results 
in  low  sensitivity  at  low  frequencies.  By  designing  the  channel  carefully,  equalisation  is  pre- 
vented at  frequencies  above  a few  Hertz,  so  that  apart  from  keeping  the  channel  clear  the  effect 
may  be  ignored  except  where  special  low  frequency  response  is  needed  as  in  sonic  boom  over- pressure 
measurements . 

g)  Elevated  temperatures  will  cause  loss  of  calibration  or  destroy  microphones  and  hence  must  not 
exceed  the  manufacturer's  quoted  maximum,  typically  150  C. 

h)  The  capacitor  microphone  requires  amplification  of  its  output  and  a steady  voltage  applied  to  the 
diaphragm  to  charge  or  polarise  it.  This  means  that  an  electrical  circuit  containing  resistance 
etc.,  must  be  connecte  to  the  microphone  and  as  the  capacity  and  voltage  of  the  microphone  varies 
with  sound  pressure  so  electrical  charge  leaks  through  the  external  resistance  causing  the  voltage 
to  fall.  An  electronic  circuit  (called  a cathode  follower)  keeps  the  leakage  as  small  as  possible, 
but  some  low  frequency  fall-off  is  inevitable.  The  low  frequency  signals  vary  slowly  in  time  and 
so  the  leakage  has  longer  to  produce  a bss  of  charge  and  voltage. 

The  effect  of  this  leakage  is  shown  in  Figure  22.  The  low  frequency  response  depei.  n the 
microphone  cathode-follower  (sometimes  called  a microphone  amplifier).  If  measurements  of  low 
frequency  sources  are  being  conducted,  follow  the  manufacturer's  instructions  and  use  the  correct 
microphone  and  amplifier. 
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i)  A further  action  of  the  cathode-follower  is  to  prevent  the  output  cable  of  the  microphone  loading 
the  microphone  and  producing  a loss  in  sensitivity.  Without  the  cathode-follower,  all  the  micro- 
phone cable  capacity  would  be  connected  directly  to  the  microphone  capacity  so  that  a change  in 
microphone  capacity  would  produce  a lower  voltage  change  than  that  without  the  cable,  i.e.  the 
charge  on  the  microphone  can  redistribute  itself  in  the  microphone  and  cable  capacity.  Since 
v m ^ and  C is  now  larger,  the  resulting  voltage  will  be  less  than  for  the  microphone  capacity  alone. 

Most  microphones  are  calibrated  for  a given  cathode-follower  and  connecting  cable  length. 

The  output  cable  from  the  cathode-follower  is  not  critical  due  to  the  cathode-fol lover  action. 

This  is  illustrated  (Figure  23).  Quite  often  a microphone  is  screwed  straight  onto  the  cathode- 
follower  to  avoid  a connecting  cable.  Figure  24  gives  a guide  to  selection  of  microphone  fre- 
quency ranges  and  sensitivities. 

4.2  Measuring  Amplifiers 

4.2.1  The  Sound  Level  Meter 

A sound  pressure  level  of  140  dB  may  give  sufficient  microphone  voltage  output  to  be  measured  directly, 
but  if  a sound  pressure  level  of  only  20  dB  must  be  measured,  then  only  one-millionth  of  the  output 
voltage  given  by  140  dB  will  be  obtained.  Obviously  some  kind  of  amplifier  will  be  required  to 
amplify  the  weak  voltages  produced  at  low  sound  levels.  In  addition,  it  is  not  possible  to  display 
or  measure  voltages  which  may  vary  over  a million  to  one  in  range  according  to  the  sound  level,  directly 
on  a meter  with  linear  scale  length  of,  say,  three  inches.  The  very  maximum  one  may  expect  to  obtain 
with  acoustic  readability  on  a linear  scale  would  be  about  20  dB  (10:1).  The  difficulty  is  one  solved 
by  making  the  amplification  variable  in  steps  of,  say,  10  dB  and  calibrating  the  meter  over  a scale 
range  of  -10dB  to  +10dB  relative  to  scale  datum.  Thus  a small  microphone  output  (or  sound  pressure 
level)  may  not  indicate  anything  on  the  meter  but,  when  the  amplification  (or  gain)  is  adjusted,  a 
reading  will  be  obtained  and  the  sound  pressure  level  (in  dB's)  will  equal  the  sum  of  the  meter  and 
variable  gain  readings. 

The  very  wide  range  of  microphone  output  may  require  attenuation  as  well  as  amplification  and  some  in- 
struments use  two  separate  amplification  or  attenuation  controls.  In  this  case  it  is  very  important 
to  check  the  operating  instructions  and  ensure  that  the  distribution  of  amplification  between  the 
two  controls  is  correct  for  the  level  of  sound  being  measured,  otherwise  there  is  danger  of  inadvert- 
ently over-loading  an  amplifier  stage  and  producing  an  error  in  reading. 

The  amplifier  of  the  sound-level  meter  must  be  protected  from  vibration,  magnetic  fields  and  intense 
sound  otherwise  it  may  itself  act  as  a microphone  and  give  erroneous  output.  The  apparatus  (Figure  25 
is  typical)  should  have  its  mains  or  battery  power  supply  checked  for  correct  voltage  (there  may  be 
a built-in  test  facility  for  this).  Exhausted  batteries  should  be  replaced.  The  equipment  should  be 
allowed  the  recommended  time  to  warm-up  before  taking  any  noise  readings. 

The  voltage  output  of  the  amplifier  is  a measure  of  the  sound  level  and  a meter  measuring  this  voltage 
is  calibrated  in  root-mean-square  (r.m.s.)  sound  pressure  level,  and  is  reasonably  accurate  for  most 
types  of  sound  except  impulsive.  For  the  latter  a much  shorter  meter  integration  time  is  needed  for 
special  grades  of  meter  are  especially  designed  to  give  a reasonable  measure  of  the  sharpest  impulses 
met  in  most  applications.  Note  that  older  instruments  measured  the  rectified  average  pressure  but 
were  marked  r.m.s.  They  thus  produced  errors  and  only  read  correctly  with  certain  (usually  sinusciial) 
sounds . 

Very  few  noises  are  exactly  constant  in  amplitude  over  a period  of  time  and  hence  the  sound-level  meter 
pointer  will  fluctuate  over  its  scale.  There  is  also  some  evidence  that  the  ear  tends  to  integrate 
sounds  over  a duration  of  100m  sec.  This  integration  or  "sluggish"  effect  in  hearing  is  usually  built- 
in  to  the  indicating  meter  and  also  helps  the  observer  estimate  the  mean  of  a violently  fluctuating 
sound.  Sometimes  it  is  possible  to  switch  from  this  ("FAST")  condition  to  a more  sluggish  ("SLOW") 
one  which  helps  further  in  obtaining  a mean  reading  of  some  sounds.  Obviously  the  latter  condition 
could  not  be  used  in  fluctuating  and  short  duration  sounds  (e.g.  an  aircraft  fly  over)  as  the  meter 
pointer  would  not  have  sufficient  time  to  reach  the  correct  reading  before  the  sound  had  ceased. 

4.2. 1.1  Grades  of  Noise  Meters  - Noise  measuring  meters  may  be  classed  in  the  following  groups  in 
ascending  cost,  accuracy  and  versatility: 

a)  Survey  meters  - light  and  portable,  suitable  for  preliminary  investigations. 

b)  Industrial  grade  sound-level  meters  - more  bulky,  often  capable  of  spectrum  analysis  - useful  for 
most  work  (British  Standard  3489;  IEC  123). 

c)  Precision  sound-level  meters  - for  scientific  work  and  accurate  measurement  (British  Standard  4197; 

IEC  179) 

4.2.2  Microphone  Amplifiers 

For  laboratory  work,  it  is  usually  more  satisfactory  to  employ  a mains  powered  combined  microphone 
pre-amplifier  (cathode-follower),  power  supply  unit,  voltage  amplifier,  and  meter  display  (Figure  26). 

Such  instruments  usually  also  contain  filter  networks  for  de-emphasising  high,  low  or  high  and  low 
frequency  sounds,  for  example  the  D-weighting  and  in  some  countries  the  A weighting  are  used  to  measure 
aircraft  noise  levels:  the  D-weighting  permitting  an  approximation  to  Perceived  Noise  Levels. 

4.2.3  Calibration 

In  non-mains  equipment  battery  voltage  should  be  checked  regularly  (ideally  before  and  after  a measure- 
ment) and  the  meter  and  microphone  calibration  should  be  checked  and  adjusted  according  to  the  opera- 
ting instructions.  It  is  recommended  that  the  instrument  is  overhauled  every  year. 

The  calibration  facilities  differ  considerably  between  manufacturers  and  type  of  instrument. 
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a)  Electrical  calibration  - an  externally  or  internally  generated  electrical  signal  of  known  ampli- 
tude and  frequency  is  injected  into  the  microphone  amplifier  circuit.  If  the  output  ter  de- 
flection is  incorrect,  slight  compensation  can  be  made  to  the  amplification  by  adjustment  of  a 
pre-set  control.  Although  this  calibration  can  check  the  amplifier,  and  possibly  the  weighting 
networks  and  filters,  the  microphone  sensitivity  is  not  checked.  It  is  important  therefore  to 
supplement  this  form  of  calibration  with  regular  acoustic  calibration. 

b)  Acoustic  calibration  - a known  acoustic  sound  pressure  level  is  applied  to  the  microphone  and 
compared  with  the  sound  level  meter  reading  (usually  dB  Lin).  Any  error  outside  tl>e  quoted 
tolerance  may  be  adjusted  by  the  pre-set  gain  control  (if  available),  but  large  errors  may 
indicate  damage  to  the  sound  level  meter  or  acoustic  calibrator  and  both  should  be  returned  to 
the  manufacturer  for  checking.  Briefly,  acoustic  calibrators  fall  into  the  following  types: 

i)  Falling  Ball  Calibrator 

These  havk  an  accuracy  of  about  ♦ 2dB  but  extreme  care  is  necessary  to  obtain  exact  separation 
and  alignment  between  the  calibrator  and  microphone.  The  ambient  SPL  must  be  at  least  lOdB 
below  the  calibrator  SPL. 

ii)  Cavity  Coupled  Calibrators  (e.g.  Pistonphone) 

Here  the  calibrator  is  attached  to  the  microphone  and  an  accuracy  of  +0.2dBis  possible  with  care 
(Figure  27).  Pistonphone  calibrators  should  not  be  left  running  longer  than  absolutely  necessary 
to  mak^  a calibration  reading  because  considerable  mechanical  wear  and  loss  of  calibrator  preci- 
sion results. 

It  should  be  noted  that  the  calibration  SPL  produced  by  this  form  of  calibration  will  depend  upon 
the  cavity  volume  and  any  leakage  of  air  from  the  cavity.  Hence  this  form  of  calibrator  is  de- 
signed for  a particular  type  of  microphone. 

A technique  used  for  laboratory  standardisation  calibration  of  microphones  uses  the  reciprocity 
principle  against  a known  (secondary  standard)  microphone  periodically  checked  by  the  appropriate 
national  standards  institute.  Also  an  electrostatically  driven  actuator  can  be  applied  to  condenser 
microphones  to  induce  an  equivalent  known  diaphragm  movement  to  represent  a given  sound  level.  This 
can  be  driven  by  a sweep  osci 1 lator  giving  a constant  voltage  output  to  check  frequency  response. 

4.3  Filters  and  Spectrum  Analysers 

It  is  often  useful  to  determine  the  frequency  domain  version  of  a noise  signal,  for  example  in  order 
to  relate  discrete  tone  components  with  basic  features  of  the  machinery  or  process  generating  the  noise. 
Also,  most  of  the  subjective  loudness,  speech  interference  and  annoyance  ratings  of  noise  are  strongly  de- 
pendent on  the  frequency  composition.  We  have  seen  that  this  may  be  accomplished  through  Fourier  trans- 
formation, and  this  may  be  done  by  a computational  method,  having  firstly  represented  the  signal  as  a 
digital  sequence,  or  by  analogue  devices  which  have  "transfer  functions"  which  copy  the  mathematical  trans- 
formation processes. 

4.3.1  Analogue  Types 

a)  Passive  filters  - the  usual  analogue  signal  analysis  devices  are  based  on  the  well-known  tuned 
Resistance,  Capacitance  and  Inductance  electronic  circuits.  By  choice  of  these  parameters,  and  using 
multiple  tuned  elements,  filters  can  be  devised  to  accept  only  signals  with  frequency  components 
within  a certain  range  called  the  pass  band.  Additionally  filters  can  be  designed  to  pass  all  signals 
below  a certain  value  (Low  Pass)  or  above  a certain  value  (High  Pass).  The  H.P.  filter  is  particularly 
useful  for  avoidance  of  spurious,  but  often  dominating  low  frequency  components  such  as  from  the  wind, 
thiK  effectively  increasing  the  signal  to  noise  ratio  in  the  frequency  range  range  of  interest. 

Again,  the  R,  C and  L values  of  a filter  may  be  arranged  to  give  either  a "single"  tuned  acceptance 
band,  or  a dampened  "double"  band,  and  with  care  this  double  bandcan  come  very  close  to  an  ideal 
rectangular  acceptance  characteristic  (see  Figure  28). 

If  the  pass  bands  for  a whole  series  of  filters  are  arranged  to  take  over  where  the  previous  filter 
left  off,  then  the  filters  are  said  to  be  contiguous.  Alternatively  a single  filter  may  be  swept, 
using  the  heterodyne  principle  to  filter  the  signal  at  any  required  centre  frequency  and  yet  to  main- 
tain the  same  percentage  or  constant  absolute  bandwidth.  Usually  the  complete  range  of  frequencies 
of  interest  in  audio  sound  cannot  be  obtained  with  a single  tuning  control,  and  so  the  sweep  is 
switched  in  ranges  to  enable  still  wider  frequency  tunings  to  be  obtained.  By  varying  the  resistance 
value,  steps  of  selectivity  can  be  chosen  (Figure  28). 

Important  aspects  of  filters  are  the  steepness  of  the  boundary  zones  between  acceptance  and  rejection, 
and  the  flatness  of  the  pass  zone,  particularly  for  the  double  pole  type.  The  characteristics  of 
Figuie  28  are  typical  and  high  grade  instruments  conform  to  requirements  in  respect  of  skirt  steepness 
according  to  1EC  223  1966  or  ANSI  SI. 11.  Because  the  skirts  cannot  be  absolutely  steep,  contiguous 
filters  are  arranged  so  that  the  energy  level  for  a signal  with  frequency  passing  through  the  trans- 
ition region  remains  sensibly  constant.  In  other  words  the  crossing  points  are  arranged  to  be  3dB 
below  the  average  plateau  level.  The  noise  bandwidth  of  the  filter  is  defined  as  the  width  of  ideal 
"rectangular"  filter  which  would  contain  the  same  noise  power  level  as  the  real  filter,  i.e.  the 
areas  under  the  curves  are  equal. 

It  is  common  to  find  filter  sets  which  have  either  constant  ratios  of  upper  and  lower  cut-off  fre- 
quencies, or  which  have  constant  pass  band  intervals.  Where  the  constant  percentage  type  has  a 
ratio  of  2 (approximately  since  there  are  ISO  standardised  cross  over  and  centre  frequencies  with 
convenient  values),  the  pass  bands  are  designated  octave  bands.  Other  fractional  bands,  such  as  1/3 
octaves  provide  a finer  breakdown  of  the  signal  in  the  frequency  domain.  Some  swept  single  tuned 
filters  can  be  set  such  that  their  skirt  characteristics  and  selectivities  range  approximately  from 
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1/ird  octave  to  l/6th  octavo  or  even  1/12  octave  hands. 

In  constrast,  filters  with  constant  intervals  are  not  usually  found  as  continguous  sets  (at  least  in 
analogue  form).  Constant  bandwidths  of  3,  5,  10,  30,  50  and  100  Hz  are  typical,  sometimes  selectably 
or  with  insertion  of  chosen  filter  crystals. 

For  some  applications,  as  with  an  accelerating  gas  turbine  engine,  it  is  useful  to  be  able  to  "track" 
a particular  (usually  prominent)  discrete  tone  which  arises  from  a process  directly  associated  with 
the  snaft  frequencies  or  some  multiple  thereof.  The  tracking  is  achieved  by  an  automatic  gain  sen- 
sitive loop.  Alternatively  the  tracking  may  he  provided  by  a specially  generated  tracking  signal, 
whereby  the  analyser  reverts  to  a sweep  tuned  analyser. 

b)  Active  Filters  - In  the  passive  filters,  the  pass  band  shapes  can  never  be  truly  rectangular  and 
raises  falsified  spectra  in  some  circumstances  discussed  in  Section  5.f>.  With  active  filter  elements, 
using  electronic  solid  state  operational  amplifiers  to  selectively  increase  the  gain  of  the  wanted 
signal  pass  hands,  much  more  accurate  filtering  may  he  achieved,  but  at  the  expense  of  greater  capital 
out  lay. 


A. 3.2  Real  Time  Analysers 

Fairly  recent  developments  in  analyser  design  have  produced  a completely  new  concept  of  analyser  called 
the  Real  Time  Analyser  (RTA) . Such  analysers  can  perform  all  the  functions  of  the  types  mentioned 
previously,  and  with  the  aid  of  a small  computer  several  functions  hitherto  only  possible  by  the  use 
of  expensive  computer  complexes.  These  analysers  are  available  in  two  distinct  forms:  a)  third 
octave  (constant  percentage)  and  b)  narrow  band. 

a)  One  Third  Octave/Octave  Real  Time  Analysers  (Figure  29)  work  on  similar  lines  to  any  conventional 
one-third-octave  filter,  except  that  instead  of  switching  individual  filters,  each  analyser  has  a 
complete  set  of  filters  covering  the  audio  frequency  spectrum,  or  where  fractional  filters  are 
employed,  selected  parts  of  the  range.  The  output  from  each  filter  is  detected,  held  in  an 
electronic  memory  and  displayed  simultaneously,  a complete  spectrum  taking  only  about  1 ms 
(l/1000th  of  a second)  to  produce.  The  memory  can  then  be  "unloaded"  into  various  display  devices 
at  speeds  compatible  with  the  device.  The  memory  can  be  continuously  updated  with  fresh  informa- 
tion, or  new  information  added  to  that  already  existing  to  produce  an  averaged  spectrum.  More 
recently,  instrument  manufacturers  have  produced  completely  digital  versions  of  1/3  octave  and 
octave  band  RTA  (see  Section  6 on  digital  analysers). 


b)  Narrow  Band  or  Time  Compression  Real  Time  Analysers  work  on  somewhat  different  techniques.  Here  the 
desired  audio  range  is  stepped  by  a constant  bandwidth  filter  in  "compressed  time"  to  produce  a 
narrow  band  spectrum  which  again  can  be  stored  for  unloading  into  many  display  devices.  A typical 
configuration  for  such  an  analysis  would  be  0 - 2k  Hz  in  500  steps  each  having  a bandwidth  of  t>Hz. 

As  with  the  other  type  of  analyser,  spectra  can  be  averaged,  and  with  additional  electronics 
synthesised  into  octaves  or  one-t* ird-octaves . 

*3 

Both  the  analysers  described  above  can  perform  analyses  in  very  short  periods  of  time,  hence  obviating 
the  need  for  stable  conditions  or  tape  loops.  They  can  be  interfaced  with  a computer  to  perform  very 
complex  tasks  and  can  provide  plots  on  a wide  variety  of  displays.  They  are,  however,  considerably 
more  expensive  and  require  more  skilled  setting  up. 

4.4  Storage  and  Display  Equipment 

Having  measured  and  analysed  a signal,  it  is  usually  necessary  to  make  some  permanent  or  sometimes  tem- 
porary or  semi-permanent  copy  of  the  data  for  future  reference  or  further  processing. 


4.4.1.  Ultra  Violet  Light  Chart  Roll  Recorders 

This  is  one  of  the  simplest  recording  instruments  of  the  type  which  produces  a record  of  some  signal 
parameter  across  a chart  roll  which  is  fed  at  uniform  rate  with  time  from  the  device.  (figure  30  is 
an  illustration  of  one  type).  The  marking  of  the  chart  is  achieved  from  its  sensitivity  to  Ultra 
Violet  (U.V.)  radiation.  Each  galvanometer  channel  consists  of  a finely  balanced  and  suspended  coil 
with  a mirror  attached.  The  U.V.  radiation  is  produced  by  a mercury  arc  lamp  and  collimated  to  a fine 
beam  onto  the  mirror,  motion  of  the  mirror  sweeps  the  beam  over  the  sensitive  paper  in  the  direction 
normal  to  the  chart  roll  feed.  The  recordings  are  invariably  multi-channelled.  Due  to  the  reflected 
light  principle  the  beams  may  cross  on  the  paper  trace.  Identification  of  the  channels  is  accomplished 
by  interrupting  each  beam  for  a very  brief  moment  with  a slight  delay  on  each  channel  relative  to  the 
neighbour. 


Main  timing  marks  are  available  at  suitable  fractions  of  a second  along  the  paper  feed,  whose  rate  can 
he  varied  from  about  lOmm/sec  to  about  1.25m/sec.  Additionally,  finer  timing  marks  are  available  as 
a square  wave  pattern  along  an  edge  of  the  chart,  usually  at  millisecond  periods.  The  signals  to  be 
recorded  are  played  into  the  recorder  channels  via  a suitable  variable  gain  amplifier  to  ensure  the 
maximum  use  of  the  available  recorder  level  scale  range  for  each  data  channel. 


It  is  usual  to  use  such  recorders  for  displaying  signal  instantaneous  values  versus  time.  Although  the 
light  beams  can  move  fairly  reponsively,  the  maximum  waveform  frequency  component  which  can  be  acconmo- 
dated  is  about  100  Hz.  Of  course,  the  instrument  can  cope  with  steady  signal  components  or  D.C. 
as  well  as  the  fluctuating  or  A.C.  levels  associated  with  noise  or  vibration  signals.  Nowadays  the 
papers  used  in  U.V.  recorders  are  self  fixing,  and  as  always  are  easily  ’developed’  by  exposure  to  day- 
light or  fluorescent  lights. 


4.4.2  Level  Recorders 

This  term  is  used  for  a chart  roll  recorder  which  is  restricted  to  a single  trace  along  again  a time 
axis.  The  chart  is  marked  by  a stylus  working  on  waxed  paper,  or  more  usually  using  a special  ink 
cartridge  and  pen  system  (see  Figure  31).  Amplitude  of  the  trace  may  represent  any  of  the  usual  signals 
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obtained  from  a measuring  amplifier  meter  or  sound  level  meter,  viz,  R.M.S.,  Peak  or  average  level. 

The  pen  or  stylus  portion  is  controlled  by  a system  of  drive,  comparative  and  feed  back  voltages 
applied  to  potentiometer  coils  with  an  electromagnetic  actuator  arm.  The  potentiometer  can  be  changed 
to  provide  the  desired  full  scale  range,  either  logarithmically  to  give,  for  example,  10,  25  or  50  dB 
or  else  a linear  scaJe,  for  example  10  - 35  mV.  Adjustments  are  provided  to  control  the  writing  speed 
of  the  pen  so  that  adequate  response  can  be  set  without  unacceptable  overshoot  on  rapidly  changing 
signals.  Since  the  writing  speed  may  be  set  to  an  unstable  condition,  whereupon  the  pen  control  system 
goes  into  oscillation  giving  erroneous  results,  the  manufacturer's  instruction  book  should  be  consulted 
when  choosing  the  writing  speed  for  a given  type  of  data  recording,  thus  ensuring  that  the  correct 
cnalysis  confidence  limits  are  achieved.  The  paper  chart  speed  can  be  varied  and  usually  driven  mech- 
anically or  electrically  in  synchronisation  with  a turntable  or  a sweep  tuned  analyser  or  oscillator.  a 

Input  range  potentiometers  and  attenuators  permit  the  accurate  setting  of  the  pen  trace  to  a reference 
voltage  or  to  a calibration  line  using  a pre-recorded  calibration  during  the  noise  measurements. 

Since  the  level  recorder  detects  the  A.C.  signal  voltage,  there  is  a lower  limiting  frequency  at  which 
it  will  do  this  correctly  with  a uniform  frequency  response.  The  lower  frequency  limit  is  usually 
selectable.  The  magnetic  field  required  to  drive  the  pen  or  stylus  is  very  strong,  and  therefore  care 
should  be  exercised  not  to  leave  instruments  or  watches  or  recorded  magnetic  tapes  close  to  the  level 
recorder.  One  make  of  level  recorder  permits  the  use  of  circular  or  polar  charts  in  place  of  the 
normal  chart  roll.  This  is  useful  for  presenting  polar  traversed  data  in  a form  readily  appreciated 
in  terms  of  directivity. 

4.4.3  X(t)  - Y Plotters 

In  contrast  with  chart  roll  recorders,  the  X(t)  - Y plotter  consists  of  a flat  table  on  which  is  mounted 
a suitable  paper,  usually  graphically  ruled  (figure  32).  The  pen  is  moved  "upward"  on  a bridge,  which 
itself  is  arranged  to  move  "horizontally".  The  zero  position  and  gain  or  sensitivity  of  each  scale  can 
be  chosen  within  the  available  range  (typically  from  5mV  to  5V  per  cm).  Pen  movement  response  is  rapid 
such  that  the  output  signal  and  sweep  rates,  from  analysers  etc.  can  be  followed  without  innaccuracy. 

Some  plotters  incorporate  their  own  time  base  to  be  used  in  place  of  an  external  X sweep  signal  and 
hence  effectively  provide  a level  recording  capability.  Others  can  have  built-in  linear  or  logarithmic 
scaling  circuits  as  opposed  to  accepting  the  form  of  signal  from  the  analyser  recorder  output. 

4.4.4  X(t)  - Y(f)  - Z Recorders 

By  use  of  fibre  optics,  a type  of  recorder  can  be  obtained  enabling  representation  of  spectral  informa- 
tion as  time  along  the  chart  roll,  frequency  normal  to  the  length  of  the  roll,  and  signal  level  in  a 
frequency  gand  as  density  of  trace  (Figure  33).  Naturally  it  is  only  possible  to  qual i t itave ly  judge 
signal  band  level,  but  the  presentation  is  very  useful  in  analysing  aircraft  flyover  noise  and  detecting 
the  Doppler  shift  of  the  noise  data  to  the  relative  source/observer  motion.  The  recorder  uses  U.V. 
sensitive  paper  and  can  be  coupled  to  the  output  of  an  R.T.A. 

In  an  alternative  mode,  the  analyser  can  be  made  to  output  successive  frequency  analyses  to  the  recorder 
in  successive  rapid  sweeps  of  level  along  the  chart  roll  direction  and  frequency  normal  to  the  roll. 

The  sweep  is  so  rapid  that  the  effect  is  to  produce  successive  spectral  representations  in  a way  permit- 
ting Doppler  tone  shifts  or  an  accelerating  machine  to  be  readily  observed.  Figure  33  gives  an  example. 

As  usual,  paper  speed  and  scale  sensitivity  is  selectable. 

Similar  displays  are  obtainable  from  a type  of  apparatus  known  as  a sonograph,  popularly  known  for  its 
use  in  voice  printing.  In  this  case,  the  density  of  chart  colour  is  produced  by  a heat  sensitive  paper, 
and  the  chart  paper  is  placed  around  a special  drum  designed  to  channel  the  frequency  and  time  functions 
to  the  drum  surface  as  the  drum  rotates. 

4.4.5  Oscilloscope 

This  apparatus  is  familiar  to  most,  since  it  is  used  widely  in  scientific  research  and  engineering  test- 
ing. A video  screen  is  arranged  to  have  a number  of  spots  scan  to  a horizontal  (X)  voltage  sweep  or 
time  base  (t)  voltage.  The  applied  voltage  is  made  to  deflect  the  electron  beam  of  the  video  tube  and 
a further  set  (or  sets)  of  deflection  plates  (Y)  are  used  to  deflect  the  sweeping  light  spot  in  step 
with  the  signal  voltage  applied  to  them.  Thus  the  apparatus  can  be  used  to  examine  signals  for  fre- 
quency (since  very  high  sweep  rates  may  be  applied)  and  accurate  level  of  voltage.  Hence  it  is  often 
used  as  a recording  monitor.  Oscilloscope  scales  are  set  up  using  calibrated  internal  signals. 

There  are  a number  of  refinements  which  may  be  used,  such  as  multiple  channels,  triggered  capture, 
delayed  sweep  triggering  and  screen  storage  so  that  impulsive  signals  may  be  studied  relatively  easily. 

4.4.6  Stored  Event  Recorders 

These  are  (usually)  digital  devices.  The  analogue  signal  from  some  short  timescale  event,  such  as  a 
sonic  boom  signature,  is  converted  to  digital  form  in  an  A to  D converter  unit.  The  digital  version 
of  the  signal  is  then  cycled  round  a special  memory,  whereupon  it  may  be  recalled  and  displayed  at 
will  on  a scope  or  other  suitable  device.  This  is  a particularly  useful  way  to  produce  a spectrum 
analysis  of  an  impulse  sound,  since  the  recall  can  be  analysed  by  either  R.T.A.  or  by  1/3  octave  or 
octave  or  67.  narrow  band  analyser  to  produce  the  energy  spectrum  for  a single  wave  period  approximately 
equivalent  to  the  impulse  duration. 

4.4.7  Magnetic  Tape  Recorders 

a)Direct  Recording  - The  recording  of  noise  for  subsequent  analysis  is  very  convenient  at  times,  especially 
when  doing  field  work,  but  serious  errors  are  likely  to  be  introduced  unless  great  care  is  taken. 

First  of  all,  expert  advice  must  be  obtained  for  the  connection  of  the  recorder  input  to  the  microphone 
or  sound  level  meter  output  and  also  from  the  recorder  to  the  analysing  equipment  as  the  electronic  char- 
acteristics may  not  be  compatible. 

The  recorder  must  be  of  suitable  performance,  calibrated  in  terms  of  input  and  output  levels,  and  frequency 
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response  (most  good  and  well  maintained  recorders  are  within  * MB  from  60  Hz  to  10kHz  at  a tape  speed 
of  seven  and  a half  inches/sec.).  The  performance  must  be  regularly  checked  with  calibrations  made 
before,  during  and  after  recording,  since  dirt  can  build  up  on  the  replay  heads  and  give  a partial  and 
unnoticed  fall  in  output.  The  upper  limit  in  frequency  response  is  approximately  proportional  to  tape 
speed.  Lastly,  it  is  very  important  that  the  right  recording  level  is  used,  otherwise  overloading  or 
noise  and  hum  will  be  produced.  A recording  level  meter  gives  satisfactory  indication  of  most  noise 
but  impulsive  noise  is  not  indicated  correctly.  The  peak  input  should  be  measured  with  an  oscilloscope 
and  adjusted  to  the  level  which  is  measured  when  ordinary  noise  gives  a normal  recording  level. 
Alternatively  the  high  recording  level  may  be  lowered  with  the  impulsive  noise  applied  until  the  re- 
produced peak  of  transient  starts  to  fall  in  proportion  to  the  fall  in  recorder  input  (i.e.  if  the 
input  to  the  recorder  is  halved,  the  output  should  also  be  halved). 

Note  that  only  the  more  expensive  scientific  recorders  are  capable  of  the  accurate  recording  and  replay 
characteristics  to  permit  an  overall  accuracy  better  than  + 2dB,  and  only  then  when  great  care  is 
taken. 

A typical  recorder  response  is  shown  in  Figure  34  for  the  type  in  which  the  signal  is  directly  translated 
into  a magnetic  flux  density  pattern  on  the  ferric  oxide  coated  recording  tape,  and  this  is  known  as 
direct  recording  or  D.R. 

If  noise  must  be  recorded  for  subsequent  analysis,  the  recording  alone  will  only  yield  information 
about  the  noise  spectrum  and  will  not  give  absolute  sound  pressure  levels  unless  the  original  level 
is  logged  at  the  time  when  the  recording  is  made.  It  is  good  practice  to  record  with  speech  at  the 
beginning  of  a recording  the  following  information:  microphone  position,  sound  propagation  conditions, 

overall  (or  weighted)  sound  pressure  level  measured  with  a sound  level  meter,  calibration  level, 
attenuator  settings  and  any  other  relevant  factors  such  as  time  of  day  or  night,  machine  conditions, 
duration  of  noise  and  so  on. 

b)  Frequency  Modulated  Recording  - When  very  low  frequency  data  must  be  recorded  the  D.R.  method 
cannot  be  used  , the  electronic  and  tape  magnetisation  arrangements  fail  to  respond  uniformly  at  much 
below  25  Hz.  If  a higher  frequency  carrier  signal  is  modulated  according  to  the  level  of  the  signal, 
data  right  down  to  the  D.C.  or  average  level  of  a signal  can  be  successfully  recorded,  and  replayed  via 
special  recording  and  demodulation  amplifier  units.  As  with  D.R.  recording  a good  high  frequency 
response  demands  high  tape  speeds  and  hence  tape  consumption,  and  to  cover  the  normal  audio  range  it 
is  necessary  to  go  as  high  as  60  ips.  The  available  signal  to  noise  of  FM  recorders  is  generally 
somewhat  lower  than  that  available  from  the  best  D.R.  machines  at  approximately  40  to  45  dB.  The  amp- 
lifier units  require  special  filters  to  limit  the  recorded  signals  according  to  the  tape  speed  chosen. 
Since  the  high  tape  speeds  require  time  for  stabilisation,  wait  several  seconds  before  initiating  data 
recording. 

c)  Pulsed  Code  Modulated  Recording  - This  is  a method  of  essentially  recording  a series  of  coded  pulses, 
whose  level  represents  a bit  of  digital  information.  Recording  levels  as  such  convey  no  meaning,  and 
inbuilt  checks  can  be  included  such  that  even  tape  speed  Is  not  too  critical.  Vast  improvements  in 
effective  signal  to  noise  are  thus  possible  with  no  speed  stabilisation  or  repeatability  problems 
associated  with  the  D.R.  and  F.M.  methods.  At  present  P.C.M.  recording  is  rather  specialised  and  of 
interest  in  the  radio  or  T.V.  broadcasting  fields  as  well  as  space  communications. 

d)  Multi-Channel  Recordings  - Where  many  channels  of  data  are  to  be  packed  onto  a single  tape,  it  is 
advisable  to  adopt  one  of  the  recognised  tape  head  standards,  so  that  other  groups  may  faithfully  replay 
and/or  analyse  the  data.  The  principle  head  standards  in  use  are  the  T.R.I.G.  (Inter-Range  Instrumenta- 
tion Croup)  and  the  S.B.A.C.  (Society  of  British  Aerospace  Constructors)  systems  for  J"  and  1"  tapes. 

The  I.R.I.G.  code  permits  7 or  14  channels  (the  latter  ir\  two  interlaced  groups  of  7 heads)  whilst 

the  S.B.A.C.  system  packs  in  16  channels.  Some  I.R.I.G.  recorders  permit  the  use  of  the  edge  spaces 
on  the  tape  as  lower  grade  voice  or  identification  tracks. 

e)  Multiplexed  Recording  - Where  very  many  more  than  14  data  channels  must  be  simultaneously  gathered, 
either  several  synchronously  run  recorders  must  be  employed  or  a multiplexing  system  may  be  used.  This 
is  an  electronic  device  which  intermixes  short  samplings  of  the  data  from  a large  number  of  channels 
and  packs  these  on  a single  channel  of  tape.  Naturally,  it  is  not  possible  to  avoid  loss  of  some  of 
the  data  by  this  method,  and  normal  sampling  statistics  must  be  satisfactorily  chosen  according  to  the 
overall  accuracy  required. 

4.4.8  Computer  Interfaced 

Many  modem  analysers  and  correlators  which  work  on  a digital,  or  partially  d igi ta 1 -analogue  basis,  can 
be  interfaced  with  a computer  system.  The  data  can  thereby  be  further  refined,  such  as  computing 
fly-by  noise  data  in  complex  units  such  as  Perceived  Noise  Levels  (PNL  in  units  of  PNdB) , and  then 
displaying  via  the  computer's  own  peripheral  graph  plotting  or  line  printer  tabulation  units. 

5.0  REAL  DATA  MEASUREMENTS 

5.1  Stationary  and  Ergodic  Signals 


Stationary  signals  have  statistical  parameters  (see  Section  3)  which  are  independent  of  the  sample  take, 
whenever  a measurement  is  made.  If  the  mean  value  of  the  signal  and  the  auto  correlation  function  are  always 
the  same,  the  signal  is  said  to  be  weakly  stationary.  If  all  other  statistics  such  as  the  higher  order 
probability  moments  are  also  constant,  the  signal  becomes  strongly  stationary. 


Now  the  determination  of  the  signal  statistical  parameter  values  requires  signal  averaging  over  a 
certain  time.  Thus  any  measurement  is  only  an  estimate  of  the  true  value.  For  stationary  signals  the 
estimate  tends  towards  the  true  value  as  sampling  time  increases,  and  the  result  should  not  depend  on  the 
actual  time  of  cormencement  of  the  measurement.  However,  for  a non  stationary  signal  the  statistics  do  not 


ti-ml  towards  constant  values  with  increased  measuring  time,  and  the  values  obtained  depend  on  the  time 
that  the  measurement  was  started. 

For  stationary  signals  the  time  required  to  measure  any  statistics  to  any  required  degree  of  accuracy 
can  be  predicted.  If  the  difference  between  different  estimates  of  a signal's  statistics  is  significantly 
greater  than  the  expected  error  involved  in  the  measuring  time  which  is  used,  the  signal  is  non  stationary. 

It  is  therefore  important  to  investigate  the  error  involved  in  various  measurements  on  stationary 
•'  signals. 

A stationary  process  can  be  further  classified  into  two  categories;  ergodic  and  non-ergodic.  A process 
is  ergodic  if  different  samples  from  the  same  process  have  the  same  statistics.  For  example,  noise  from  a jet 
nozzle  is  ergodic  if  the  noise  of  all  such  nozzles  built  to  the  same  specification  have  identical  stat- 
istics. The  noise  from  an  engine  would  be  ergodic  if  it  was  stationary  and  its  statistics  were  exactly  the 
same  every  time  the  engine  was  started.  The  noise  produced  by  an  aircraft  flyover  would  be  ergodic  if  each 
flyover  had  the  same  noise  statistics. 

• Thus,  to  test  whether  a signal  is  ergodic,  it  is  also  necessary  to  know  the  probable  error  of  the 

measured  signal  statistics. 

5.2  Errors  of  estimated  statistics 

I The  errors  involved  in  measuring  signal  statistics  with  known  averaging  times  may  be  predicted  from 

other  statistics  of  the  signal,  so  that  if  the  general  type  of  signal  is  known,  the  probable  error  may  be 
4 estimated. 

^ The  most  usually  quoted  result  is  that  for  the  error  of  filtered  white  noise.  If  the  filtered  signal 

has  components  over  a bandwidth  B the  mean  square  error  is  given  by:- 
l 

t ■ 

2/BT 

if  B ( 2fQ  (fQ  is  the  filter  centre  frequency) 

T is  the  integration  time  of  the  analysis. 

The  importance  of  this  result  is  that  it  gives  the  length  of  integrating  time  required  to  obtain  the  r.m.s. 
value  of  a filtered  broadband  signal  to  any  accuracy.  If  the  signal  is  a pure  tone,  the  time  required  to 
measure  the  r.m.s.  values  is  simply  the  transient  settling  time  of  the  measuring  circuit.  If  the  tone  is 
passed  through  a filter  this  time  is  the  filter  rise  time  which  is  approximately  the  inverse  of  the  band- 
width . 

The  errors  involved  in  obtaining  other  signal  parameters  may  be  estimated  in  a similar  way.  These  are 
discussed  more  fully  in  the  bibliography  and  some  results  are  shown  graphically  in  Figure  35. 

5.3  Non-stat ionary  Signals 

In  practice  many  practical  signals  are  non-stationary  to  some  extent.  However,  analysis  of  non- 
stationary signals  is  very  complicated  and  stationary  signal  analysis  is  often  applied  in  the  absence  of 
more  relevant  techniques.  Since  the  statistics  of  the  signal  vary  with  time,  measurements  of  spectra,  for 
instance,  made  at  different  times,  but  with  a BT  product  correct  for  stationary  signals,  will  produce  com- 
pletely different  results. 

Both  variations  of  amplitude  and  of  frequency  of  components  may  be  regarded  as  non-stationary  effects. 
However,  if  the  time  scale  of  the  variation  is  less  than  the  integrating  time,  these  appear  in  the  spectrum 
as  amplitude  and  frequency  modulation.  This  appears  as  side  bands  and  broadened  tones.  If  the  time  scale 
is  greater  than  the  integrating  time,  the  non-stat ionarity  appears  as  different  spectra  at  different  times. 

In  certain  cases  it  is  useful  to  measure  the  non-stationary  correlation  tunction  of  a signal.  This  is 
again  obtained  from  a series  of  short  samples  of  a signal  and  is  a function  of  signal  time  and  delay  time. 
Another  useful  parameter  is  the  double  spectrum,  which  is  similar  to  the  cross  spectrum  between  the  signal 
at  different  times,  alternatively  the  variation  of  the  mean  or  mean  square  value  may  be  obtained.  When  the 
non-stat ionarity  must  be  related  to  other  experimental  parameter  changes,  such  functions  may  be  usefully 
measured. 

If  the  non-stationarity  cannot  be  easily  related  to  system  changes  (e.g.  changes  of  fan  noise  caused 
by  details  of  ingested  turbulence),  it  is  much  more  difficult  to  obtain  useful  information.  In  this  case 
it  is  usual  to  ensemble  average  a large  number  of  estimates  of  the  signal  statistics  in  order  to  obtain 
a reasonably  constant  value.  More  detailed  time  variations  are  of  little  use  unless  more  detail  of  the 
cause  of  the  non-stationarity  is  available  (in  the  above  example, the  details  of  turbulence). 

5.4  Discrete  Sampling 

Here  we  are  concerned  with  inherent  problems  of  inferring  knowledge  about  a whole  function  from  a set 
of  discrete  samples  of  that  function.  In  particular,  it  is  assumed  that  frequency  domain  data  is  required, 
whilst  the  samples  are  taken  in  the  time  domain. 

5.4.1  Aliasing  and  the  Nyquist  Frequency 

Suppose  V(t)  is  a continuous  function  of  time,  and  V(f)  is  its  frequency  domain  distribution.  The  two  are 
related  by  the  Fourier  transform  pair: 
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V(f)  exists  for  both  positive  and  negative  values  of  f,  with  V(-f)  ■ V*  (f).  Clearly  V(f)  can  be 
calculated  if  V(t)  is  known  for  all  time,  but  can  V(f)  be  deduced  from  less  information  i.e.  if  V(t) 
is  known  only  at  discrete  points. 

Assume  first  that  V(t)  is  sampled  at  regular  time  intervals,  so  that  the  sampling  times  t^  - mAt, 
m ■ 0,  +1,  ±2.  Let  the  corresponding  value  of  V(t)  be  written  as  V . If  F is  written  for  1/At 
(thus  F is  the  sampling  f requency ) ,and  the  sample  times  substituted  in  the  above  equation. 


/ V(f)  e 


- 1 / V(f)  e 2irlfm/Fdf 

k— * kF 

This  latter  expression  results  from  splitting  up  the  integration  range  into  many  (frequency)  intervals 
of  length  F.  Since  exp  (2irifm/F)  is  periodic  (in  F)  with  period  F,  it  can  be  re-arranged  as: 

V - I U(f)  e 


u(f)  » r v(f  + kF) 

t « -OB 

The  equation  can  be  regarded  as  a simple  integral  equation  for  the  unknown  function  l'(f)  given  the 
sample  values  V . When  solved  the  function  U(f)  can  be  deduced  from  the  values  V . However  generally 
the  true  values'31  of  V(f)  cannot  be  found,  since  there  is  no  way  of  obtaining  V(f)  From  U(f).  Thus, 
all  that  can  be  deduced  from  a set  of  discrete  samples  is  the  distribution  U(f). 

The  nature  of  the  function  of  U(f)  is  indicated  in  Figure  36. 

U(f)  is  the  sum  of  a set  of  distributions  all  like  V(f)  but  whose  origins  are  displaced  by  various 
multiples  of  F.  It  is  seen  from  this  figure  that  if  V(f)  contains  any  component  at  frequencies  greater 

than  F/2,  it  contributes  to  U(f)  at  a frequency  F-f,  and  cannot  be  distinguished  from  a genuine  com- 
ponent at  this  lower  frequency.  This  phenomenon,  in  which  a high  frequency  component  makes  its 

presence  felt  in  the  sampled  dats  at  a lower  frequency,  is  called  aliasing,  and  the  critical  frequency 
F/2  for  which  aliasing  first  occurs  is  called  the  Nyquist  frequency.  A time  domain  illustration  of 
aliasing  is  shown  in  Figure  36. 

Although  generally  it  is  not  possible  to  determine  V(f)  from  a set  of  discrete  samples  because  of 
aliasing,  V(f)  can  be  found  if  is  band  limited  or  low-pass  filtered,  i.e.  V(f)  « 0 for  all  | f | > f 
In  this  case,  if  the  sampling  frequency  F is  greater  than  2f  no  aliasing  occurs,  and  11(f)  maX 
in  the  range  | f | <^ma  *8  identical  to  V(f)  in  this  range. 

Thus  for  band  limited  signals  V(f)  can  be  determined  from  discrete  samples,  provided  the  sampling 
frequency  is  greater  than  2fm^. 

5.5  Interpretation  of  Mixed  Source  Signals 

We  are  in  a dilemma  if  our  source  contains  both  random  and  discrete  components.  For  the  random  noise,  we 
need  to  perform  a power  spectral  density  analysis  or  alternatively  an  analysis  of  band  S.P.L.  at  a stated 
bandwidth.  For  the  sinusoidal  or  discrete  tone  components  however,  the  concept  of  bandwidth  has  no  meaning 
(theoretically  tones  are  entirely  at  a single  frequency  and  hence  of  inf initessimal  bandwidth  - in  practice 
slight  variations  in  frequency  and  level  limits  the  levels  measured  by  real  filters  on  digital  analyses). 

We  can  only  have  one  value  of  a sine  wave  level,  whatever  the  filter  bandwidth  chosen.  This  means  that  we 
must  use  different  rules  when  we  observe  discrete  tone  spikes  in  a spectrum. 

The  above  differences  are  in  fact  the  reason  why  averaging  of  spectrum  outputs  on  Fourier  transforms  can  lead 
to  enhancement  of  the  deterministic  portions  of  the  signal.  Each  time  we  add  two  spectra  and  divide  the 
results  by  2,  the  random  levels  tend  to  zero  whilst  the  tones  simply  add  (provided  phase  is  kept  in  step). 

Thus  the  pair  of  averaged  spectra  have  tones  which  are  6 dB  - 3 dB  or  3 dB  more  protrusive  than  the  individual 
spectra  and  repeated  averaging  continues  to  enhance  the  tones.  This  process  is  signal  averaging  in  the  fre- 
quency domain  as  opposed  to  the  time  series  averaging  discussed  earlier. 

5.6  Pitfalls 

Besides  the  above,  care  must  be  always  taken  in  interpreting  seemingly  valid  spectral  data.  In  narrow 
band  61  analyses,  there  can  frequently  be  side  bands  due  to  modulation  of  source  amplitudes  or  fre- 
quencies. Sometimes  the  modulation  sideband  spikes  appear  to  "climb  the  skirts"  of  the  ftZ  filter,  where  the 
major  tone  spike  is  relatively  strong.  The  levels  of  the  sideband  tones  are  hence  in  error  unless  a 
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correction  for  the  band-spillage  is  made. 

In  1/3  octave  and  even  Octave  band  analyses,  extremely  strong  tones  can  appear  to  pull  up  the  bands  either 
side  due  to  a non  negligible  overspill  of  the  primary  tone  signal  into  the  skirts  of  the  filter  beyond 
the  adjacent  filter  cross-over  frequencies.  Thus  when  major  tone  protrusions  of  order  20dB  are  present, 
always  check  the  validity  of  the  adjacent  band  levels. 

In  RTA's  where  a very  large  signal  dynamic  range  is  to  be  analysed  the  high  frequency  data  (and  sometimes 
the  very  low  frequency  data)  normally  falls  to  a level  where  the  discrimination  of  the  binary  data  words 
is  insufficient  to  show  up  fine  levels.  The  analysis  thus  shows  random  step  changes  in  level  often  of 
5 or  more  dB.  These  are  entirely  spurious  approximations  to  the  noise  floor  level  of  the  analyser  system 
and  the  real  noise  level  can  only  be  correctly  displayed  by  chopping  the  analogue  data  into  several  zones 
as  necessary  and  treating  each  zone  as  a separate  analysis. 

In  digital  and  real  time  analysers,  it  is  necessary  to  avoid  sampling  errors  by  treating  each  pass  band 
with  a "window  function",  usually  of  a Cos  form.  If  no  window  function  is  used,  spurious  frequency 
spikes  can  be  introduced  according  to  the  number  of  analysis  ensembles. 

Again,  some  RTA's  derive  averaged  data  and  then  construct  1/3  octave  or  octave  band  data  by  arithmetically 
adding  the  outputs  of  the  narrow  bands  appropriately.  This  is  fine  for  the  cases  where  many  narrow  bands 
fit  into  a wide  band,  but  at  low  frequency  the  1/3  octave  or  octave  bands  always  become  comparable  to  or 
even  smaller  than  the  narrow  band  width  selected. 

Additionally,  the  time  compression  process  means  that  the  effective  filter  skirts  become  wider  as  centre 
frequency  diminishes.  Thus  a wide  band  is  reached  at  which  the  filters  no  longer  comply  with  standards. 

It  is  thus  always  necessary  to  check,  from  manufacturers  charts,  which  of  the  1/3  octave  and  octave  bands 
contain  valid  data  to  cover  the  required  range.  Even  this  introduces  problems  of  matching  the  ends  of 
the  ranges  since  it  is  never  possible  to  use  the  same  confidence  levels  of  analysis  for  both  samples  when 
ensemble  averaging  the  analysers  single  sweep  data  to  improve  accuracy. 

6.  COMPUTER  BASED  DIGITAL  ANALYSIS  SYSTEMS 

The  system  in  use  at  I.S.V.R.'s  Data  Analysis  Centre  forms  the  basis  for  this  section,  since  it  is  the 
most  familiar  to  the  author.  Other  systems  will  differ  in  the  manner  in  which  analysis  programmes  are 
called  in  and  linked  together,  but  the  general  principles  discussed  will  be  valid. 

Figure  37  is  a schematic  diagram  of  the  system.  The  Central  Process  Unit  (CPU)  is  a Digital  Systems 
PDP  11/50  computer.  It  has  linked  to  it  a number  of  peripheral  units  for  data  input,  output  and  display 
and  storage  of  data  and  programmes. 

6.1  Input  and  Conversion 

Input  is  via  a remotely  situated  Visual  Display  Unit  (VDU's)  which  incorporate  a typewriter  style  key- 
board under  a T.V.  tube  type  of  display.  The  unit  also  has  other  useful  features  such  as  cursors  which 
can  be  used  to  "read  off"  graphical  data  values.  The  VDU  console  is  also  equipped  with  terminals  for 
acceptance  of  up  to  four  channels  of  analogue  data,  either  from  an  on-line  experiment,  or  from  recorded 
experimental  data.  The  data  is  sent  along  signal  lines  to  an  A.D.C.  unit  (analogue  to  digital  conversion 
unit)  which  can  sample  the  analogue  data  at  up  to  40kHz  (20  kHz  for  two  channels)  continuously  or  up  to 
50  kHz  in  a "short  burst".  If  required  data  or  programmes  may  also  be  loaded  via  a paper  type  reader. 

6.2  Output  and  Display 

Output  is  via  the  V.D.U.  initially.  Under  System  Control  the  graph  size,  portion  of  interest,  scale 
forms  (linear  or  logarithmic)  may  be  changed  and  then  eventually  called  up  for  plotting  on  a fast  single 
pen  plotter  located  in  the  computer  room.  Information  in  character  form  may  also  be  screeened  or  com- 
manded to  be  line  printer  reproduced  for  hard  copy  in  the  machine  room. 

6.3  Storage 

Tne  input  data  may  be  stored  on  the  high  capacity  disc  store  units,  each  with  20  million  words.  A 
$ million  word  fixed  head  store  is  available  for  programme  storage  etc.  There  is  a back-up  storage  of 
the  magnetic  tape  type  used  to  call  in  systems  master  program  material  or  long  term  stored  data  to  the 
much  more  instantly  accessed  disc  stores  or  the  main  core  storage  of  96  K capacity. 

6.4  System  Organisation 

The  system  is  organised  so  that  work  nay  be  executed  by  persons  having  only  a basic  knowledge  of  com- 
puting. The  system  permits  labelling  of  data  files  with  convenient  user  originated  names.  Then  aptly  named 
systems  programmes  (e.g.  ACQUIRE,  PSDA,  DISPLAY)  are  called  in  using  simple  fortran-like  JOB  descriptions 
to  operate  on  the  data.  Each  analysis  progranme  contains  parameter  lists  which  need  to  be  selected  by  the 
user,  either  preset  or  at  run  time,  or  alternatively  left  by  default  to  certain  inbuilt  values.  These 
parameters  describe  the  file  lengths,  sampling  rates,  analysis  bandwidths  and  accuracies  etc.,  as  well  as 
graph  scales,  axis  types  etc.  Filters  are  available  to  limit  aliasing  or  to  edit  low  frequency  components 
of  irrelevance. 


6.5  Specialised  Analyses 

For  users  with  a more  advanced  programming  capability,  special  analysis  procedures  may  readily  be 
compiled  under  the  user's  reference  code  for  files,  and  executed  by  a JOB  as  if  it  were  a regular  systems 
progranme.  Job  sequences  may  be  controlled  in  loops  with  conditional  statements  if  required,  so  that  more 
complex  sets  of  standard  processing  routines  may  be  performed  on  the  same  initial  data  string  or  on  selected 
segments  of  such  a file  of  data.  The  bibliography  contains  more  information  on  the  capabilities  of  such 
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systems,  and  Figure  38  is  illustrative  of  an  analysis  performed  on  the  system.  The  display  facilities 
include  such  usetul  forms  as  simulated  3 dimensional  graphics  and  contour  plotting.  The  digital  computer 
system  has  the  advantage  of  total  flexibility,  but  some  very  specialised  operations  involving  much  use  of 
Fourier  transforms  take  more  time  than  specialised  analysers  and  mini-computer  systems.  However,  develop- 
ment of  new  analysis  procedures  prior  to  setting  up  a specialised  analyser  is  readily  accomplished,  as 
are  long  repetitive  analysis  procedures,  which  would  involve  a lot  of  technical  time  if  done  on  a specialised 
machine. 

7.  NOISE  FIELD  SAMPLING 

In  all  branches  of  acoustics,  we  make  measurements  of  the  sound  field  in  various  manners,  to  a large 
extent  dependent  on  the  purpose  of  the  measurements.  Where  the  data  is  to  be  gathered  for  fundamental 
research  purposes,  it  is  often  required  to  assess  the  acoustic  power  emitted  and  to  determine  the  spectrum 
of  power  or  power  spectral  density.  On  the  other  hand,  we  may  wish  to  learn  in  detail  the  radiation 
directivity  pattern  or  the  relationship  between  maximum  sound  pressure  level  at  a given  distance  from  a 
source  and  some  appropriate  parameters  such  as  jet  exhaust  velocity  and  expanded  density.  In  each  case  we 
need  to  consider  how  best  to  sample  the  sound  pressures  using  microphones  and  the  measuring  and  analysis 
equipment  and  techniques  described  in  Section  4. 

7.1  Spot  Point  Measurements 

In  this  case  either  a single  microphone  is  placed  at  a known  position  in  the  sound  field,  measurements 
taken,  and  then  the  microphone  moved  on  to  the  next  point;  or  an  array  of  idential  microphone  types  (or 
microphones  whose  relative  response  characteristics  are  known)  is  placed  in  a suitable  pattern  in  the  field. 

Frequently  with  noise  measurement  schemes,  we  are  presented  with  a "chicken  and  egg"  situation,  since  the 
choice  of  microphone  positions  depends  on  the  type  of  noise  source  we  are  dealing  with.  It  is  not  uncommon 
to  conduct  measurements  according  to  a sampling  plan  and  to  discover  from  the  results  that  it  would  have 
been  preferable  to  have  measured  elsewhere  or  used  one  of  the  other  survey  techniques  described  later. 

With  spot  sampling  points,  we  have  the  advantage  that  a complete  time  record  of  the  pressures  reaching  the 
microphone  can  be  retained  if  desired,  with  the  disadvantage  that  the  whole  of  the  radiation  pattern 
cannot  be  sampled  in  sufficient  detail.  Often  however,  by  appealing  to  a theoretical  axi symmetry  in  the 
sound  source  radiation,  it  is  possible  to  sample  in  a single  axial  plane,  perhaps  running  spot  checks  on 
the  assumptions  of  axisymmetry. 

Where  the  source  is  expected  to  have  an  extremely  lobular  field  pattern  it  is  preferable  to  use  a traversed 
microphone  method  (see  7.2)  but  if  this  is  not  possible,  it  can  sometimes  be  beneficial  to  concentrate 
microphones  at  positions  closer  to  each  other  where  the  maximum  lobularity  is  expected  to  occur. 

The  lack  of  a time  limitation  for  spot  measurements  (subject  to  such  factors  as  magnetic  tape  con;  umpt ion) 
enables  adequate  sampling  for  an  acceptable  confidence  in  the  measured  levels  to  be  used. 

The  choice  between  moving  a single  microphone  from  point  to  point,  as  against  an  array  of  channels  in 
parallel,  lies  on  the  one  hand  in  the  relative  complexity  and  capital  cost  of  the  necessary  instrumentation 
and  on  the  other  hand  with  the  restrictiai  to  an  identical  response  system  for  all  the  measurements.  Thus 
for  the  single  microphone,  field  shapes  can  be  determined  without  actually  knowing  the  detailed  frequency 
response  provided  an  adequate  range  of  signal  to  noise  is  maintained  up  to  the  highest  frequency  of  interest. 
The  multi-system  approach  obviously  permits  the  tests  to  be  completed  more  rapidly  however  and  does  not 
require  absolute  stationarity  of  data.  If,  for  example,  an  expensive  to  operate  source  such  as  a gas 
turbine  engine  is  being  tested,  this  advantage  has  attractions.  Thus  most  aero  engine  companies  use  this 
method  nowadays  for  conducting  development  and  guarantee  demonstration  measurements  on  their  power  plants. 
Figure  39  is  an  example  of  a test  facility  using  the  multi-system  technique.  The  acoustically  hard  ground 
plane  has  been  chosen  in  this  case  so  that  at  least  ground  interference  effects  are  consistent  and  to  an 
extent  theoretically  determinable,  and  hence  correctable. 

7.2  Traversing 

A microphone  traversing  arrangement  can  be  used  wherever  there  is  a requirement  to  completely  map  the 
directional  radiation  pattern.  It  is  therefore  favoured  for  multi-lobular  sources  such  as  axial  flow 
fans,  where  the  positions  and  number  of  lobes  and  the  location  of  the  strongest  lobe  can  lead  to  interest- 
ing conclusions  about  the  modes  of  the  fan  duct  which  are  being  predominantly  excited  by  the  fan  blades  or 
fan  blade/stator  vane  noise  interaction  mechanisms.  Also,  from  a complete  pattern  of  directivity  it  is 
possible  to  compute  the  total  acoustic  power  spectrum  for  the  source.  To  do  this,  it  is  usual  for  the 
traverse  to  be  performed  at  fixed  radius.  As  with  all  measurements  made  with  simple  microphone  arrangements, 
the  radiation  has  to  be  monitored  at  sufficiently  large  radius  to  be  in  the  far  field,  since  in  the  near, 
or  reactive,  field  the  pressures  measured  do  not  represent  radiated  sound  energy  and  falsely  high  levels 
of  "pseudo  sound"  can  wrongly  be  attributed  to  some  source  parameter  variation.  The  chosen  radius  should 
thus  be  well  over  A/2 * where  A is  the  wavelength  at  the  lowest  frequency  of  interest.  In  practice,  this 
always  means  that,  for  a normal  gas  turbine  engine,  the  traverse  data  in  the  zone  close  to  the  jet  axis 
which  usually  comes  very  close  to  the  regions  in  the  jet  mixing  process  where  the  low  frequency  sources 
are  to  be  found,  must  be  regarded  with  some  doubt. 

When  traversed  data  is  gathered,  it  is  always  necessary  to  consider  how  to  deal  with  the  ground  interference 
problem,  since  the  change  in  geometry  for  the  direct  and  indirect  sound  waves  must  inevitably  alter  during 
the  traverse,  thus  leading  to  interference  lobes  which  might  incorrectly  be  attributed  to  the  source.  The 
anechoic  ground  plane  is  not  always  satisfactory  since  for  waves  skitming  over  the  absorbent  layer  there 
can  be  an  almost  total  phase  reversal  without  much  of  an  amplitude  change,  causing  strong  interference  dips 
in  the  received  pressure  after  frequency  domain  transformation.  It  has  been  found  that  optimally  chosen 
anechoic  wedges  are  necessary  to  completely  avoid  this  effect  for  practicable  heights  of  source  and 
receiver  microphone. 
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The  traverse  rate  must  always  be  a compromise.  We  need  a slow  enough  traverse  to  allow  sufficient  time  in 
each  angular  zone  to  give  good  statistical  accuracy  of  the  measured  data.  This  in  turn,  ao  we  have  dis- 
covered depends  critically  on  the  narrowest  bandwidth  to  which  we  need  to  resolve  the  frequency  domain  or 
spectral  duta.  On  the  other  hand,  too  slow  a traverse  would  be  complicated  by  any  non-stationar ity  of  the 
source  and  would  also  lead  to  high  testing  and  tape  consumption  costs.  Let  us  consider  an  example: 

Supposing  we  have  decided  that  we  wish  to  traverse  at  30ft  radius  from  the  source  over  an  arc  of  -20°  to 
♦lbO  relative  to  the  forward  axis  of  (say)  a fan  rig.  The  negative  angles  are  to  check  symmetry  and  to 
ensure  smooth  data  across  the  axis  region  of  the  traverse.  We  decide  we  need  to  analyse  the  data  with  a 
constant  30  Hz  bandwidth  using  effectively  500  contiguous  filters  spaced  at  20  Hz  apart  using  an  R.T.A. 
system.  Then  the  total  data  frequency  range  is  to  be  0 - 10  k Hz  in  30  Hz  filter  bands. 

Firstly  we  expect*  for  30ft  radius,  sources  up  to  wavelengths  of  2-n  x 30ft  to  be  just  catered  for,  or 

up  to  n x 30ft  to  be  well  catered  for.  This  means  that  all  data  but  the  1st  30  Hz  band  is  in  the  far 
field,  even  allowing  for  higher  order  source  effects, and  this  is  satisfactory. 

Supposing  we  wish  to  resolve  data  with  a 10°  angular  variation  in  level.  Then  we  might  wish  to  traverse 
only  3 in  a data  sampling  period  in  order  to  be  able  to  "plot"  a reasonably  sharp  noise  lobe.  For  90% 
confidence  that  the  data  is  good  to  within  + 1 dB  (based  on  random  noise  - thus  discrete  tonal  components 
will  always  be  more  accurately  determined)^  we  choose  B x T = 50  (100  degrees  of  freedom).  Hence  T needs 
to  be  1.67  seconds  in  order  to  cover  the  3 angular  zone.  That  is  the  traverse  rate  must  be  as  low  as 
1.8  degrees  per  second.  The  traverse  around  the  arc  from  -20  to  + 160  will  thus  occupy  324  seconds  or 

5 minutes  and  24  seconds.  Over  this  period  of  time,  the  fan  unit  must  essentially  remain  at  the  same 

running  conditions  and  give  a constant  acoustic  output. 

In  order  to  record  the  data  at  least  7j  ips  and  preferably  15  ips  tape  speed  would  be  required,  thus 
needing  up  to  500  ft  of  tape  for  the  single  traverse  after  allowing  for  tape  run  up  etc. 

Figure  40  is  an  example  of  a test  facility  using  the  traversed  far  field  microphone  method.  Here  multi- 
channel recording  is  used  to  record  several  radii  traverses  at  one  time  and  also  to  record  other  relevant 
parameters  such  as  fan  speed,  and  certain  performance  transducer  outputs.  This  facility  is  described  in 

detail  in  a paper  referenced  in  the  bibliography  section.  A typical  result  of  traversed  data  for  a ! 

particular  fan  discrete  tone  at  Blade  Passing  Frequency  is  also  shown  in  Figure  40. 

7.3  Polar  and  Linear  Surveys 

So  far  we  have  assumed  that  the  interest  always  lies  with  polar,  or  constant  radius  from  the  source, 
surveys.  In  this  form  we  may  learn  more  about  the  source  and  its  acoustic  power  level  can  easily  be 
computed  from  the  results.  However,  in  the  context  of  aircraft  and  vehicle  pass-by  tests,  the  observer 
effectively  "passes  along"  a line  parallel  to  the  direction  of  flight  (in  reality  he  remains  fixed  whilst 
the  engine’s  noise  field  passes  over  his  ears.  For  this  reason,  engine  manufacturers  usually  measure 
noise  during  development  or  guarantee  proof  tests  along  a linear  line  or  traverse  at  some  fixed  distance 
from  the  centreline.  It  is  usual,  nevertheless  for  positions  along  the  line  (for  fixed  microphcnes)  to 
be  set  at  constant  angular  interval  intersections  with  this  line,  fsee  Figure  39).  This  facilitates  con- 
version by  correction  from  Polar  to  Linear  data  and  vice  versa. 

7.4  In  duct  sampling  and  traversing 

There  can  sometimes  be  attractions  in  measuring  the  noise  field  within  a fan  duct  or  at  least  in  the 
near  field  only  just  outside  the  intake  flare.  Here,  the  signals  from  interaction  modes  are  usually  more 
clearly  defined  and  the  data  obtained  can  be  related  in  phase  to  some  physical  events  in  the  machine. 

As  an  example,  Figure  41  is  taken  from  reference  A and  shows  how  a single  traverse  arrangement  has  enabled 
noise  due  to  inflow  distortion  to  be  identified  for  a low  speed  research  fan.  A (now  classic)  example 
of  fully  in-duct  traversing  is  given  in  reference  B. , whereby  the  nature  of  interacting  blade  and  stator 
discrete  tones  were  first  studied  and  a theoretical  model  developed.  Note  that,  in  traversing  just  outside 
the  duct,  the  former  example  lessens  some  of  the  effects  of  the  microphone  in  creating  fresh  disturbances 
for  the  fan  and  sustaining  high  ambient  airflow  noise  levels. 

Wall  measurements,  using  flush  mounted  transducers,  have  proved  useful  on  a number  of  occasions.  An 
example  is  where  data  is  needed  to  enable  acoustic  duct  linings  to  be  stressed  to  withstand  the  high  acoustic 
fields  close  to  fan  blades  tips,  particularly  for  supersonics  tipspeed  fans.  F< r such  fans,  flush  wall 
mounted  transducers  have  enabled  researchers  to  study  the  disarray  which  develops  in  the  shock-wave  system 
responsible  for  so  called  buzz-saw  noise  (reference  C)  and  of  course  it  is  possible  to  assess  the  level 
of  boundary  layer  associated  noise  from  such  measurements  in  subsonic  fans. 

When  interaction  tones  are  being  studied,  it  is  possible  to  deduce  from  the  pattern  of  sound  pressures 
along  the  axial  section  of  the  duct  wall  (and  preferably  also  with  a radial  pattern  obtained  by  probe 
microphones)  the  distribution  of  the  more  important  and  dominant  modes  which  are  being  generated.  This 
provides  invaluable  guidance  in  the  efficient  and  optimum  selection  of  absorbent  duct  treatments 

7.5  Anechoic  Environment 

Where  it  is  required  to  simulate  the  free  field  sound  radiation  conditions  such  as  are  applicable  to 
an  aero-engine  in  flight,  it  is  usual  either  to  use  open  air  test  stand  measurements  and  make  due  allowances 
for  the  ground  plane  effect,  or  to  use  a suitable  an  hoic  chamber.  It  is  not  intended  in  these  notes  to 
enter  into  the  discussion  of  design  requirements,  but  it  should  be  noted  that  all  anechoic  rooms  are  only 
echo  free  over  a certain  frequency  range,  governed  by  the  choice  of  materials  and  size  of  the  absorbent 
wedges  around  its  surfaces. 

7.6  Semi -Anechoic  or  Reverberant  Environments 

In  some  cases,  it  is  desirable  to  take  sound  measurements  on  a machine  for  a particular  purpose,  but 


it  is  not  possible  to  provide  a fully  anechoic  simulation  of  free  field  condicions.  For  example,  it  might 
be  very  important  to  check  the  near  field  noise  from  a new  type  of  jet  engine  well  before  it  could  be 
flown  or  released  for  regular  noise  measurements  on  an  open-air  test  stand.  Wherever  possible  the 
measuring  space  should  be  made  as  nearly  anechoic  (or  sometimes  as  nearly  reverberant)  as  possible  using 
foam  sound  absorbent  sheets  or  blankets  of  mineral  wool  fibrous  material.  The  room  can  be  calibrated 
using  some  standard  source,  or  else  using  reverberation  time  measurements  in  order  to  correct  the  data 
obtained  to  the  appropriate  idealised  room  conditions.  Ir.  other  words,  the  calculated  reverberant  field 
can  be  corrected  out  from  the  direct  field  data,  or  else  the  reverberant  portion  can  he  used  to  assess 
the  acoustic  power. 

7.7  Fully  Reverberant  Environment 

It  is  sometimes,  although  less  often  attractive  to  place  aerodynamic  sound  sources  in  a fully  rever- 
berant chamber  and  to  measure  the  acoustic  power  by  the  usual  direct  measurement  method,  using  the  room 
calibration  or  else  a substitute  standard  source  of  known  acoustic  output. 

An  example  of  this  is  in  the  use  of  reverberant  chambers  at  either  end  of  an  aero-acoustic  absorptive  test 
facility,  such  as  that  shown  in  Figure  42.  The  reverberant  sections  have  to  be  chosen  to  he  large  enough 
to  produce  multi-modes  at  the  lowest  frequency  of  interest,  since  below  the  cut-off  condition  the  measure- 
ment field  will  not  be  diffuse. 

Usually,  reverberant  field  measurements  are  made  with  several  microphones  whose  results  are  averaged  before 
computing  the  acoustic  power  spectrum.  This  is  because,  even  the  most  sophisticated  chamber,  with  non 
parallel  walls  and  ceiling,  does  not  produce  perfectly  random  sound  fields.  As  with  all  chamber  measure- 
ments, microphones  should  be  kept  at  least  a lowest  wavelength  away  from  walls  or  foam  wedges. 

7.8  Sound  Power  Determination 
7.8.1  From  Tranversed  Data 

Consider  diagram  43.  The  acoustic  power  spectrum  can  be  assessed  by  integration  of  the  sound  pressure 
spectrum  over  all  directions  of  radiation.  To  do  this  we  use  an  imaginary  spherical  (or  sometimes 
hemispherical)  surface  at  a given  and  sufficient  radius  from  the  source.  If  the  source  does  not 
radiate  axi symmetrica  1 ly  the  sound  power  must  be  found  by  smoothing  the  noise  measurements  and  formally 
integrating  or  else  summing  small  areas  over  which  the  sound  pressure  level  can  be  considered  uniform. 
However,  it  is  usually  possible  to  assume  axisymmetry,  in  which  case  the  sound  power  can  be  considered 
uniform  over  the  small  zones  of  the  sphere  indicated  in  the  figure.  Now  from  the  rules  of  projection, 
the  ‘'zones  of  latitude"  of  the  sphere,  as  projected  onto  the  unwrapped  cylinder,  are  equal  in  area  to 
the  true  surface  area  of  the  zoi  on  the  spherical  surface.  Hence  the  strip  areas  are  2ttR2  (Cos  0n 

- Cos  ) where  Q and  0 , are  successive  angular  zones  relative  to  the  forward  axis  of  the 

n-1  n n*” 1 

source,  the  measurements  of  sound  pressure  level  being  available  at  the  angles  mid-way  between  0 and 

G , . 0 is  taken  from  0 to  180  and  thus  the  total  area  is  4ttR-’  as  expected. 
n-1  n 

The  acoustic  power  integration  is  therefore  equivalent  to  weighting  the  measured  SPL  for  each  zone 
by  10  log j q (Cos  G>n  - Cos  0n_^)  and  adding  each  weighted  result  logarithmically.  To  this  is  added 

the  sum  logjo  2*R‘  where  K is  measured  in  metres.  When  the  reference  units  for  the  soundpower  and 
sound  pressures  are  taken  into  account  the  result  is  that:- 

PWL 

f re  lo‘1?vatts  ^ 1 SPLo  * 10  logl  0 (Cos  0n  * Cos  0n_^  + 10,9  + 20  I°8io(r  metres) 

where  the  bar  denotes  decibel  summation  over  all  angular  intervals  0. 

If  the  sound  pressures  are  only  measured  over  a hemispherical  zone  or  half  space,  then  the  constant 
becomes  7.9. 


) 


From  Spot  Data  it  is  possible  to  choose  angular  intervals  0 such  that  the  weightings  of  10  log]Q 
(Cos  - Cos  ®n_j)  are  virtually  constant.  In  this  case  it  is  only  necessary  to  perform  normal 

decibel  addition  on  all  the  measured  results,  add  the  appropriate  constant  plus,  of  course,  the  other 
constant  terms  in  the  formula.  An  example  of  a suitable  array  of  measuring  points  is  given  in 
Figure  44.  The  procedure  is  repeated  for  each  frequency  band  of  interest. 

7.8.2  From  Reverberant  Room  Data 

It  was  noted  above  that  reverberant  chamber  measurements  were  useful  for  relatively  simple  determination 
of  sound  power. 

Firstly  it  is  necessary  to  calibrate  the  room.  A pistol  shot,  with  sufficient  frequency  range  to  suit 
the  test  source,  is  made,  (or  better  still  several  are  made  and  the  results  averaged).  The  shots  are 
recorded  using  the  same  measuring  microphones  as  for  the  source  measurements.  The  data  is  then  analysed 
by  appropriate  frequency  bands  as  a trace  of  level  versus  time  and  the  equivalent  time  for  the  sound 
to  decay  60  dB  is  determined.  Thus  using  the  relationship: 

0.161V 

*60  " — 

S a 

the  effective  room  absorbt ion  i s determined.  Here  Sa  is  the  mean  effective  total  absorption  in  the 
room  in  Sabins  and  V is  the  room  volume,  both  in  metric  units. 

Finally  the  Reverberant  Level  is  related  to  the  sound  power  level  and  measured  averaged  SPL  from  the 
source  by: 

SPL  - PWL  ♦ 10  1 og | o 
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where  the  source  is  placed  away  from  the  room  walls  and  R is  defined  by  Sa  /(l  -a). 


As  an  alternative,  the  sound  power  of  a source  under  investigation  may  be  found  by  simple  comparison 
with  a source  of  known  power,  by  operating  each  in  turn  in  the  same  reverberant  room.  The  differences 
in  averaged  microphone  SPL  determinations  is  used  to  adjust  the  power  level,  and  if  the  test  source 
and  comparison  source  data  are  analysed  into  frequency  bands,  the  frequency  distribution  of  sound 
power  is  easily  found. 


8.  SPECIAL  MEASUREMENT  TECHNIQUES 


In  this  section,  we  discuss  some  specialised  methods  of  measurements  and  analysis  often  useful  in 
aero-acoustic  research. 


8.1  Phase  Locked  Averaging  and  Sampling 

This  topic  has  already  been  touched  on  in  connection  with  signal  or  information  theory.  Supposing  we 
are  testing  a fan  unit,  which  is  subjected  to  both  generally  turbulent  and  grossly  distorted  inflow  velo- 
cities. For  example  the  fan  might  be  a buried-in  wing  VTOL  lift  fan  unit  under  transitional  operating 
conditions,  with  both  forward  flight  airflow  and  turbulence,  plus  a curved  (and  perhaps  separated  flow) 
entering  the  fan  with  "shadows"  at  the  upstream  lip  and  beyond  the  control  bullet  to  the  fan  hub. 


We  can  filter  the  acquired  noise  data  at  a narrow  band  containing  the  blade  passing  tone  (or  any 
other  harmonic  tone  of  interest).  Knowing  the  number  of  fan  blades,  it  is  easy  to  use  the  tone  signal 
itself  in  order  to  average  in  the  time  domain  the  filtered  signal  in  segments  of  1 rotor  revolution.  After 
sufficient  averaging  the  data  will  represent  the  sound  pressure  cycle  in  BPF  as  modulated  by  the  distorted 
intake  flow  mean  velocity  profile  (integrated  over  the  complete  blade  span).  The  result  in  turn  could  be 
further  analysed  to  present  information  on  the  distortion  circumferential  spatial  harmonics  which  caused 
the  noise.  Alternatively  by  sampling  only  when  a certain  blade  is  known  to  be  on  a certain  spatial  position 
(using  some  form  of  rotor  shaft  tachometer  signal)  short  records  can  be  studied  to  show  up  the  random 
(turbulent)  induced  effects  and  these  again  could  be  averaged  to  present  a statistical  distribution  of  sound 
pressures  related  to  the  inflow  turbulence/blade  interaction  response. 


8.2  Multi-Transducer  Methods 


8.2.1  Cross  Correlation 

Use  of  two  transducers  and  cross  correlation  can  yield  valuable  information  regarding  cause  and  effect 
relationships.  Supposing  in  the  previous  example  we  wish  to  examine  in  derail  those  portions  of  the 
total  fan  noise  output  which  are  directly  attributable  to  the  inflow  turbulence.  Since  the  turbulence 
is  known  to  be  coherent  over  a fairly  major  section  of  blade  span  for  most  practical  cases,  we  can 
measure  the  fan  noise  as  before,  but  also  measure  the  turbulence  signal  in  the  inflow  via  a suitable 
hot  wire  anemometer  system.  The  cross  spectrum  of  the  noise  with  the  hot  wire  velocity  signal  would 
draw  out  only  those  tonal  and  random  noise  components  which  were  related  to  the  convected  turbulence 
which  had  interacted  with  the  blades  to  produce  the  noise.  By  delaying  one  signal  with  respect  to  the 
other,  the  effective  convection  speed  could  also  be  determined  as  well  as  the  phase  response  of  the 
sound  pressures  to  the  turbulent  forces. 


8.2.2  Duct  Wall  Impedance 

This  is  a further  example  of  a two  transducer  measurement,  whereby  a determination  in-situ  is  possible 
for  the  effective  impedance  of  an  acoustic  duct  lining  to  an  applied  sound  field  and  surface  flow 
system.  A fixed  probe  microphone  is  set  flush  in  the  near  wall  of  a resonant  cavity  type  laminar 
absorber  layer.  A further  probe  is  traversed  across  the  cavity  from  the  flow  side  of  the  lining  to 
the  back  wall.  Data  from  the  two  probes  can  simply  be  processed  to  yield  the  resistance  and  reactive 
complex  impedance  components  under  the  actual  environment  imposed  on  the  lining  since  it  can  be  shown 
that:- 


Z - R ♦ jX 


li 

Pj" 


(Cos  0-f  j SinG) 


j cot(kt) 
cos (kt) 


where 


Z,  R,  X are  the  wall  impedance,  Resistance  and 
Pj , ?2 » © are  the  two  sound  pressures  and  their 

k is  wave  number  - 2«f/c  - 2*/^,  c and  X being 
duct  wall  liner  thickness. 


Reactance  respectively, 
relative  phase  angle 

the  speed  of  sound  and  the  wavelength,  and  t is  the 


8.3  High  Speed  Airstreams 
8. 3. 1 Sound  Pressure 

Measurements  of  this  quantity  in  airstreams  require  special  care.  The  microphone  calibration  and 
response  may  alter  compared  to  the  static  case.  The  static  pressure  in  the  flow  and  also  the  air 
temperature  or  gas  composition  may  be  such  that  connections  are  required  on  account  of  the  changed 
characteristic  impedance  of  the  medium.  Finally  the  presence  of  stream  turbulence  and  boundary  layer 
growth  over  the  microphone  probe  may  give  trouble  in  attaining  an  adequate  overall  signal  to  noise 
rat io. 

The  response  change  problem  is  not  easy  to  solve,  and  most  work  has  assumed  that  the  static  response 
applies.  A known  source  which  does  not  change  output  under  flow  conditions,  such  as  a Hartmann  whistle, 
could,  in  principle  be  used  to  check  such  effects.  Otherwise,  for  high  level  sounds  piezo-electric 
transducers  may  be  set  into  wall  surfaces  or  into  probes.  Care  must  be  taken  to  obtain  exact  alignment 
of  the  transducer  and  wall  surfaces  otherwise  extra  noise  sources  will  be  set  up  and  recorded.  The 
portion  of  the  signal  due  to  turbulence  could  be  ascertained  if  required  by  convection  speed  determina- 
tion by  correlation  methods. 
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8.3.2  Turbulence  Velocity 

Where  required  to  relate  sound  characteristics  to  flow  features,  it  is  often  necessary  to  record 
flow  details.  Hot  wire  anemometer  probes  can  be  used,  either  simply,  or  crossed  to  isolate  a 
particular  component  of  the  turbulence  velocity.  It  is  usual  to  use  the  constant  current  com- 
pensated hot  wire  bridge/amplifier  which  more  faithfully  reproduces  the  turbulence  velocity 
waveform  than  the  constant  resistance  type. 

Turbulence  velocity  spectra  can  be  obtained  from  the  wire  signals  by  transformation,  or  dir  y from 
a laser-doppler  velocimeter  device.  This  uses  a highly  coherent  light  source  to  measure  doppler 
scattering  spectra  from  small  particles  in  the  flow,  and  the  doppler  spectrum  directly  relates  to 
the  instantaneous  velocity  of  the  fluid  intercepted  by  the  laser  beam.  If  crossed  laser  beams  are 
used  then  the  data  may  be  processed  using  cross-correlograms  or  spectra  to  give  information  at  a 
specific  section  of  the  beam  as  opposed  to  the  integrated  effects  for  the  single  beam  method. 

Suitable  lasers  have  to  be  chosen  to  suit  the  expected  turbulence  and  mean  flow  velocities,  and  the 
available  high  frequency  spectral  analysers  to  be  used;  also  to  avoid  undue  absorption  of  the 
scattered  light  vhi 'h  would  make  the  results  less  reliable. 

8.3.3  Unstable  Shock  Waves 

Whereas  steady  shock  waves  in  a super  critical  flow  region  cannot  be  responsible  for  noise  generation, 
instabilities  and  interaction  with  turbulence  and  turbulent  eddies  can  cause  shown  oscillations.  The 
study  of  unsteady  shock  behaviour  has  been  of  interest  in  high  speed  jet  noise  research  and  techniques 
using  special  Schlieren  systems  coupled  with  high-speed  cine-photography  have  been  used  successfully. 
Further  reading  is  to  be  found  in  references  D and  E. 

8.4  Measurement  in  Elevated  Temperature  Airstreams 

Condenser  microphones  can  be  used  at  150°C  but  on  reversion  to  lower  temperature  use  their  long  term 
stability  characteristics  are  found  to  be  considerably  degraded.  The  cathode  follower  systeg  for  condenser 
microphones  can  be  cooled  using  a specially  designed  flowing  water  jacket  and  used  up  to  250  C.  For  higher 
temperatures,  cooled  probe  tubes  must  be  used  to  separate  the  sensitive  transducer  from  the  hot  gas  stream, 
but  this  imposes  severe  probe  tube  response  calibration  problems  on  account  of  the  temperature  gradient 
along  the  tube  and  multiple  resonant  response  where  the  tube  has  necessarily  to  be  much  longer  than  a 
quarter  of  a wavelength.  Such  limitations  do  not,  however,  preclude  the  use  of  such  probe  microphones  for 
comparative  and  diagnostic  purposes  in  problems  where  it  is  essential  to  get  even  a rough  idea  of  the  sound 
pressures  in  a hot  flow  system.  Examples  of  work  of  this  kind  are  in  the  main  unpublished,  but  useful  re- 
sults have  been  acquired  from  zones  near  combustion  chambers,  in  gas  turbine  exhausts  and  in  industrial 
furnaces.  Particularly  relevant  are  comparative  measurements  as  used  for  the  two  microphone  position  method 
of  determining  duct  wall  impedance. 

8.5  Measurements  for  Ai r-to-Ground  and  Air-to-Air 

Since  it  is  never  possible  to  make  a complete  simulation  of  flight  conditions,  aircraft  airframe  noise 
and  engine  noise  testing  to  confirm  the  researches  from  ground  based  facilities  become  necessary.  Because 
it  is  invariably  necessary  to  compare  the  data  at  specific  radiation  field  angles,  careful  measurements  of 
the  aircraft  speed,  track  etc.  are  required.  The  subject  is  treated  more  fully  in  the  subsequent  lecture 
in  this  series  on  Aircraft  Flyover  Measurements.  It  is  worth  noting  however  that  methods  have  been  tried 
which  attempt  to  eliminate  some  of  the  difficulties  experienced  in  normal  aircraft  fly-by  recordings. 
Techniques  have  been  used  whereby  microphones  have  been  mounted  on  stings  projecting  from  a wing-root 
trailing  edge  in  order  to  record  in-flight  "on-axis"  noise  from  a development  rear  fuselage  mounted  engine, 
and  the  data  was  successful  and  valuable  wherever  it  could  be  quite  certain  that  the  origination  was  not 
from  the  wing  aerodynamic  unsteadiness.  Obviously  attention  to  the  discrete  tone  levels,  which  could  most 
emphatically  be  associated  with  the  engine  build  and  rotational  speed  details,  produced  the  most  reliable 
data.  Other  specialised  techniques  which  have  been  employed  are  the  use  of  tethered  balloons,  tall  towers, 
flight  towed  instrumentation  packages  and  other  aircraft  in  order  to  gather  data  on  wing  and  fuselage 
shielding  effects,  and  sonic  boom  signatures  under  realistic  flight  and  atmospheric  turbulence  conditions. 

8.6  Measurements  in  Wind  Tunnels  and  Ground  Based  Airspeed  Representation  Facilities 

All  flight  testing  is  very  expensive  and  demands  very  careful  analysis  treatment  of  the  results.  There 
have  of  recent  years  been  many  attempts  to  conduct  fundamental  research  with  more  readily  controlled  con- 
ditions. Methods  include  the  use  of  open  jet  wind  tunnels,  open  or  atmospheric  working  section  tunnels, 
closed  circuit  tunnels  (sometimes  large  enough  to  accept  a modest  sized  aircraft  as  in  the  NASA  Ames 
facility)  whirling  arm  rigs,  engine  intake  cross  flow  simulation  blowers  for  both  conventional  and  VSTOL 
research  engines  and  fans,  and  tr  -.ked  test  stands  (either  powered  by  auxiliary  means  or  by  the  power 
plant  under  test).  Detailed  discussion  of  the  problems  involved  are  the  subject  of  one  of  the  lectures 
to  follow.  It  has  to  be  appreciated  that  the  elimination  of  ground  effects  (acoustic  and  aerodynamic), 
propet  control  of  atmospheric  turbulence  levels  and  scales,  and  acquisition  of  high  confidence  data  at 
the  desired  representative  geometric  scales  and  airspeeds  involve  considerable  compromise  (or  ranking 
of  priority)  especially  when  such  facilities  have  to  be  totally  cost  effective. 

8.7  Measurement  of  Rotor  Blade  Wakes 

An  interesting  experimental  programme  was  conducted  at  ISVR  in  order  to  evaluate  a method  for 
determining  the  relative  velocity  wakes  behind  a fan  stage  without  recourse  to  rotating  probes.  Hot  wire 
anemometers  were  mounted  at  various  fixed  radial  stations  and  at  various  planes  down-stream  of  the  test 
fan,  and  the  ISVR  digital  analysis  facility  used  to  re-interpret  the  data  in  terms  of  the  spinning  rotor  co- 
ordinates instead  of  the  fixed  frame  of  reference.  The  method  involved  the  recording  of  a pulse  from  a 
chosen  blade  so  that  the  ensembled  averaging  of  many  rotor  cycles  of  data  could  be  accomplished.  The  results, 
of  which  Figure  45  is  typical,  demonstrated  by  no  means  the  simple  flow  patterns  expecred  for  a 2-dimensional 
flow  situation,  there  being  clear  indications  of  vorticity  and  wake  inclination  relative  to  the  blade 
trailing  edge.  Further  information  can  be  obtained  from  reference  F.. 


- x 


1 


* 

J 

X 

n 

tj 


is 


t 

» 


8.8  Correlation  Methods 

The  use  of  correlation  analysis  between  suitably  spaced  microphones  can  obviously  provide  informa- 
tion on  the  position  of  acoustic  sources.  Again,  the  subject  is  covered  in  other  lectures  in  this  series. 

It  is  worth  noting,  however,  that  work  has  been  conducted  over  the  past  two  years  to  demonstrate  that,  for 
relatively  simple  cases  of  reflection  of  sound  by  solid  walls  adjacent  ground  planes,  the  equivalent 
free  field  spectrum  of  sound  from  a random  source  may  be  recovered  using  transformations  from  the  auto- 
correlation function.  An  interactive  technique,  or  else  an  exact  analytical  separation,  can  be  used  to 
eliminate  the  peaks  in  the  auto  correlation  function  where  delayed  reflected  sound  signals  constructively 
interfere  with  the  direct  wave  in  which  we  are  interested.  Fro  ided  that  the  time  delay  for  the  1st 
reflected  return  is  not  too  small,  so  that  the  function  for  an  acceptably  narrow  (say  octave  or  1/3  octave) 
band  of  the  total  signal  decays  fairly  rapidly,  the  relative  peak  amplitudes  can  be  related  to  the  co- 
efficient of  reflection  or  absorption  at  the  surface  in  that  band.  The  iterative  method  uses  the  digital 
computer  to  determine  an  acceptably  accurate  synthesis  of  the  overall  autocorrelogram  from  an  assumed 
extrapolation  of  the  direct  correlogram  decay  at  low  time  delays,  and  the  high  time  delay  portion  of  the 
reflected  wave  features.  In  synthesis,  allowance  can  be  made  for  cross  products  which  tend  to  zero 
for  the  case  of  well-separated  peaks  of  the  correlogram..  Finally  the  iteratively  determined  direct  wave 
correlogram  is  forward  Fourier  transformed  to  give  the  power  spectral  density,  which  would  have  been  measured 
but  for  the  interference  dips  due  to  the  reflecting  plane.  Figure  46  illustrates  the  process  involved. 
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TOTAL  VOLUME 
- UN ITY  ^ 


(10.1) 

MEAN  VALUE  (D.C.) 

- TIMF.  AVERAGED  VALUE 


MEAN  SQUARE  4 R.M.S. 

- TIME  AVERAGED  SQUARE 

V ' » V - Vw 


PEAK  VALUE 


TIME  AVERAGED  MODULUS 


RECT  T 


DETERMINISTIC 


WELL  DEFINED 


OR  - 1st  MOMENT  of  P.D.F 


PROBABILISTIC 


IN  SAMPLE  FORM 


CREST  OR  PEAK  FACTOR 


OR  2ND  MOMENT  of  P.D.F 


/V2 p(V)  dV 


/ 1 V |p(V)dv 


FORM  FACTOR 


SUBTRACT  V - / |V| 
AREAS  o 

FOR  DC  ADD  AREAS  FOR  MEAN 


SKEWNESS 

FACTOR 


3RD  ORDER  Mt»MF NI 


Overall  Parameters 


LLlJ 

1 

1 

1 1 

=z 

t 

a 

t — ^ 

p 

• Li 

lit;  (9 

c k A 

rF 

V- 

T~ 

i 

i 

vs;  / a 

A 

8-30 


CROSS  NO  DELAY^ 
CAO 


CROSS  - DELAY 

^iRi  - \ - //  VA  Vu  p, 


ILla.  ? o;  VA(t)*  VtJ  dt* 


Lira  1 / V (t).  V ( t ♦ r ) dt . 


V Alt  T IMh 

DELAY  n ‘ 


V„(t) 


ALTO 

^ T 

* TU-”-  f l1  V»- 

'•AB<T> 

A <n-2) 

CO)  • //  V..V. 

i\  A A 

P(A.*  ) dVAdVA 

t t 

) dt. 

] 

CROSS  COEFFICIENT 

. tAB<')/  , 

rab''> 

RANDOM  WAVES 


(11.1) 

- ~ l/\  / 

v (11.5) 

v»  ~\A  /A  A 

RANDOM 

ALTO  - MAX  <t  ZERO  DELAY  - M.Sq.  VALUE 

- SYMMETRY  re  ZERO  DELAY 

- NON  LINEAR  - CROSS  TERMS  IN 

SUMMATION 


CAB(’>| 

\ 

/ \ (11.3) 

Vj 

/ ' V 

(11.4)  SINE  WAVES 


SINE  ♦ NOISE 


-ab(t| 

[/i 

l 

K 

V » 

VARYING  FREQUENCY 
SINE 


SQUARE  WAVE 


FIGURE  11  Correlation  Functions 
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FIGURE  12  Power  Spectra  and  Coherence 
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FIGURE  13  Function  Relationships 
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FIGURE  \U  Basic  Instrumentation  Scheme 
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Sectional  view  of  a 1 Inch  microphone  cartridge. 


FIGURE  15  Condenser  Microphone 


FIGURE  16  Electret  Microphones 
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FIGURE  23  Critical  Cables  in  Microphone  Circuits 
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FIGURE  24  Selection  of  Microphone  Characteristics 
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FIGURE  33  3D  Representations 
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Analyses  of  blade-passing  frequency  component  within  the  fan  intake. 

(a)  Variation  ol  SIM.  magnitude  and  phase  with  circumferential  position. 

(b)  Diagram  representing  magnitude  and  phase  at  reference  position  of  main  components  from  modal 
analysis  of  (a).  I abels  indicate  mode  number  and  rotational  direction. 

(c)  Mode  amplitudes  of  Figure  (b).  plotted  against  mode  order. 
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A I Rf RAFT  FLYOVER  MEASUREMENTS 
Michael  E.  House 


1 . INTRODUCT ION 

This  lecture  specifically  deals  with  the  topic  of  making  measurements  of  the  noise  from  aircraft  which 
are  in  flight  using  instruments  placed  at  relevant  positions  on  the  ground.  It  is  convenient  to  treat  the 
subject  in  two  main  divisions,  namely  measurements  for  specific  research  purposes,  and  data  collected  in 
order  to  ascertain  whether  an  aircraft  meets  noise  regulations. 

2.  RESEARCH  MEASUREMENTS 

There  are  a number  of  aspects  of  sound  propagation  from  aircraft  and  engines  when  in  flight  which  are 
quite  different  from  ground  operations.  These  relate  to  engine  cycle  conditions,  intake  flow  conditions, 
aircraft  and  nacelle  aerodynamic  flow  characteristics,  convected  motion  effects,  ’Doppler’  source-to- 
receiver  effects,  aircraft  attitudinal  and  atmospheric  or  ground  propagation  effects.  As  well  as  this, 
it  is  always  necessary  to  be  able  to  determine  the  aircraft’s  relative  motion  and  track  to  the  measuring 
position. 

2.1  Basic  Influences  of  In-Flight  Conditions  on  Noise 

2.1.1  Engine  Cycle  Conditions 

We  will  discuss  the  case  of  a turbofan  engine,  although  similar  arguments  apply  to  pure  jet  engines, 
turbopropel lors  etc.  We  have  seen  that  the  quadrupole  sources  of  jet  noise  are  highly  dependent 
on  the  jet  efflux  velocity  and  in  flight,  of  course,  the  relative  velocity  will  be  relevant  to  the 
classical  jet  noise  sources.  However,  sources  due  to  poor  conditions  inside  the  jet  pipe,  or  mixing 
conditions  between  the  streams  of  the  fan  exhaust  and  the  core  engine  exhaust,  will  only  weakly 
depend  on  relative  jet  velocity.  Again,  we  would  expect  the  fan  noise  to  depend  on  the  rotational 
velocity  relative  to  the  airflow  into  the  fan  or  more  exactly,  on  the  relative  velocity  distribution 
over  the  blades  and  stationary  vanes  in  the  fan  stage.  Similar  arguments  hold  for  turbines. 

Intake  flow  conditions  depend  upon  altitude,  day  temperatures  and  aircraft  flight  Mach  Number  and 
thus  the  fan  velocities,  jet  velocities  and  even  the  small  additional  mass  flow  due  to  fuel  combustion 
change  to  some  extent.  It  is  thus  never  possible  to  simulate  all  engine  cycle  conditions  simultaneously 
even  with  the  most  elaborate  of  artificial  altitude  test  facility.  In  any  case  such  facilities  are 
most  unsuitable  for  direct  measurements  of  radiated  noise  levels.  As  a result,  the  engineer  has  to 
make  a choice  of  engine  setting  according  to  the  dominant  source  being  studied.  Thus  he  would  choose 
to  match  relative  flight  jet  efflux  velocity  with  an  equivalent  ground  running  condition  and  accept 
that  the  less  dominant  rotating  machinery  noise  source  at  full  power  would  be  measured  at  slightly 
different  conditions.  To  some  extent,  corrections  can  be  made  to  those  portions  of  the  noise  spectrum 
known  to  be  due  to  the  incorrectly  simulated  source  conditions.  In  any  event,  the  jet  velocity  match 
will  not  ensure  a jet  expanded  density  match  between  ground  running  and  flight  operation.  Therefore 
in  ground  and  flight  comparisons  of  jet  noise,  it  is  usual  to  plot  the  noise  levels  corrected  for  the 
density  and  nozzle  area  terms,  as  well  as  for  source  to  receiver  distance  difference  etc. 

At  low  thrust  where  fan  noise  is  usually  the  most  important  source,  tests  are  usually  performed  at  the 
equivalent  fan  R.P.M.  Again,  provided  one  assumes  that  enough  is  known  about  the  jet  noise  situation, 
predictive  correction  can  be  attempted  for  the  incorrectly  simulated  jet  noise  sources. 

2.1.2  Engine  Intake  Condition 

Besides  the  effects  of  flight  speed  and  atmospheric  temperature  and  pressure  altitude,  it  is  now 
recognised  that  some  sources  of  fan  noise  are  critically  dependent  on  the  turbulence  structure  of 
the  duct  wall  boundary  layer  conditions,  and  these  may  alter  dramatically  between  ground  running  and 
flight  conditions.  The  general  practice  of  using  a flared  or  bell  mouthed  intake  in  ground  testing 
for  performance  work,  and  sometimes  using  flight  nacelle  hardware  for  other  testing,  adds  complication 
in  this  respect.  Experience  shows  that  a well  designed  flare  is  more  like  the  ’’flight  nacelle  inflight” 
case  since  there  is  a tendency  to  suppress  the  moderate  scaled  eddies  which  enter  the  intake  due  to 
atmospheric  irregularities.  It  is  thus  important  to  understand  the  in-flight  intake  flow  conditions 
for  proper  interpretation  of  results. 

2.1.3  Aircraft  and  Nacelle  Flow 

The  detailed  flow  fields  around  the  intake  lip  and  forward  part  of  the  flight  cowl,  also  the  jet  flow 
behaviour  of  the  fan  stream,  depend  on  flight  speed  and  angle  of  incidence  to  the  free  stream  flow. 

Only  circumstantial  evidence  exists  to  suggest  that  in  some  cases  it  might  be  wise  to  keep  these  effects 
in  mind  when  interpreting  flight  test  noise  data,  which  through  flow  gradient  differential  propagation 
or  refraction  and  scattering  might  be  responsible  for  some  of  the  unaccountable  ground-to-f 1 ight  noise 
differences  experienced.  Similar  conditions  over  wings  and  flaps,  including  vortex  flow,  have  been 
suggested  as  important  aspects  of  wing  shadow  and  noise  modulation  effects  in  low-wing  rear-engined 
installations . 

2.1.4  Convected,  Cradient  Flow  and  Doppler  Effects 

The  general  difference  between  engine  "flow  tube"  conditions  and  the  "atmosphere  at  rest"  conditions 
leads  to  an  expected  change  in  radiation  direction  for  fan  discrete  tone  lobular  interference  patterns. 
This  is  additional  to  the  "in  built"  engine  duct  flow  effects  on  noise  generation  and  duct  mode  wave 
angles  as  predicted  by  the  more  comprehensive  rotor  noise  theories.  The  additional  directional  changes 
are  found  from  simple  refraction  theory  to  behave  as: 

Sec  0.  - Sec  0,  ♦ Mf 

s i r 

Where  0 is  defined  relative  to  the  forward  fan  axis,  subscripts  s and  f refer  to  static  and  flight 
conditions  respectively,  and  M is  the  flight  Mach  number  (see  Figure  1). 
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Also  illustrated  in  Figure  l is  the  effect  of  convection  relative  to  the  airframe.  This  can  be 
important  where  flight  and  ground  comparisons  are  to  be  made  for  noise  effects  on  adjacent  structure, 
or  structural  transmission  of  noise  into  the  cabin.  There  is  an  apparent  translation  and  hence 
angular  shift,  since  during  the  time  for  propagation  of  the  emitted  sound  from  the  jet  and  intake,  the 
airframe  or  engine  nacelle  has  moved  forward  through  the  atmosphere. 

These  same  effects  are  also  responsible  for  the  so-called  Doppler  frequency  shift  due  to  relative 
motion  between  source  and  observer. 

Just  outside  a notional  envelope  of  air  around  the  engine,  the  sound  waves  reach  the  observer  through 
the  general  atmosphere  (assumed  for  now  at  rest  and  homogeneous).  However,  in  emerging  from  the 
envelope  the  relative  motion  causes  both  a shortening  of  the  wavelength  ahead  of,  and  a lengthening 
behind  the  engine  (the  effect  is  a less  extreme  case  of  the  well-known  supersonic  Mach  cone).  As  a 
result,  the  apparent  frequency  heard  before  overhead  is  higher  and  that  after  overhead  is  lower  than 
the  static  equivalent  case.  The  downward  propagating  wave  fronts  remain  undistorted  and  at  the 
static  frequency.  Note  that  also  there  is  a slight  redistribution  of  energy  so  that  sound  pressure 
levels  are  slightly  elevated  near  the  forward  axis  and  reduced  near  the  rearward  axis. 

Using  the  digital  computer  analysis  system  it  is  relatively  straight-forward  tc  divide  the  fly-by  noise 
spectrum  time  history  (as  received)  into  small  segments,  correct  for  the  Doppler  and  energy  distortion 
effects  and  if  necessary  reconstitute  the  equivalent"to-static  wave  t ime~hi story . 

2.1.5  Aircraft  Attitude 

This  is  just  a simple  source  re-orientation  which  can,  especially  with  modern  jet  aircraft  climb-out 
floor  angles,  lead  to  not  inconsiderable  corrections  to  the  ground  observed  noise  levels. 

2.1.6  Atmospheric  and  Ground  Bffects  on  Propagation 

As  with  all  noise  measurement,  it  is  necessary  to  recognise  that  the  atmosphere  and  the  ground  plane 
influence  the  received  sound  in  several  respects.  Firstly  there  is  molecular  relaxational  absorption 
of  the  upper  frequency  register  at  large  distances,  (typically  over  1000  feet  range  at  1kHz  and  above). 
Except  under  very  infrequently  encountered  very  dry  conditions,  the  classical  viscous  absorption  is 
negligible.  Atmospheric  absorption  is  a wide  subject,  quite  a few  investigatory  exercises  having  pro- 
duced rather  different  data.  However  the  work  of  Evans  and  Bazely  at  the  National  Physical  Labora- 
tory, Teddington,  and  the  SAE  ARP  866  data  charts  are  perhaps  the  most  widely  used  in  the  aero- 
acoustic  field.  Molecular  absorption  is  found  to  depend  on  the  relative  humidity  as  well  as  the  air 
temperature.  It  is  important  to  realise  that  atmospheric  absorption  depends  on  absolute  distances 
from  Z be  source  along  a particular  line  of  wave  propagation,  and  not, as  with  wave  divergence  attenua- 
tion on  the  ratio  of  one  range  to  another  reference  range.  Because  the  perceived  Noise  Units  generally 
used  for  aircraft  are  particularly  sensitively  weighted  to  the  moderately  high  frequencies  (2  to  4kHz), 
the  atmosphere  has  the  effect  of  causing  a reduction  in  PNdB  of  rather  more  than  6dB  per  doubling  in 
range,  typically  8 PNdB  over  the  usually  encountered  ranges  for  airport  noise  problems. 

The  atmosphere  also  causes  the  shorter  term  level  of  sound  from  a source  to  be  modulated  by  interfering 
multiple  propagation  paths  through  the  turbulence  structure.  Naturally  this  structure  is  more  pro- 
nounced during  windy  and  rainy  weather  than  during  still  air  or  temperature  inversion  conditions. 

Figure  2 is  illustrative  of  some  recent  measurements  using  a known  steady  output  from  a powerful  loud- 
speaker from  well  below  a tethered  balloon.  These  data  are  for  a 1kHz  test  tone,  but  evaluation  of 
the  data  over  a much  wider  range  of  frequencies  ar d distances  is  currently  being  undertaken  at 
Southampton. 

Wind  and  temperature  gradients,  of  course,  also  induce  the  well  known  ray  curvature  effects,  wind 
shadow  effects,  and  sound  channelling  effects  which  can  give  rise  to  freak  propagation  effects,  often 
sources  being  discernable  over  many  tens  of  miles  whilst  being  almost  inaudible  at  close  distances,  and 
vice-versa.  It  is  thus  important  to  note  all  relevant  atmospheric  data  and  if  possible  to  perform  a 
vertical  meteorological  survey  over  say  the  1st  1000  metres  of  altitude  above  ground  level. 

The  ground  plane  affects  aircraft  noise  measurements  due  to  the  differing  path  length  between  the 
rays  first  reaching  the  microphone  (usually  mounted  on  a tripod  at  1.2  metres  abovi-  ground)  and  that 
bounced  back  from  the  ground.  Note  that  this  has  the  effect  of  modifying  the  spectrum  such  that,  at 
some  frequencies,  there  is  an  odd  multiple  of  i wavelengths  difference  and  hence  destructive  inter- 
ference lowering  the  received  level,  and  at  others  an  even  number,  leading  to  constructive  elevation 
of  levels  by  3 to  6 dB,  depending  on  whether  the  noise  is  discrete  or  random.  It  is  relatively  simple 
to  correct  for  such  effects  with  a perfectly  hard  reflecting  ground  plane,  but  for  ordinary  terrain 
the  frequency  distribution  of  ground  impedance  must  be  known  before  a reasonably  accurate  correction 
can  be  applied.  In  the  extreme  case  of  propagation  of  noise  from  an  aircraft  at  low  elevation  angle, 

, the  rays  skim  over  the  ground  surface  with  the  result  that,  even  for  quite  negligible  surface 
absorption  coefficients  there  is  almost  complete  phase  reversal  compared  to  the  direct  wave.  Thi-  i- 
respons ible  for  the  so-called  over-ground  attenuation  effect.  For  further  reading  consult  the 
references  quoted  at  the  end  of  the  lecture  notes. 

2.2  Single  Microphone  Measurements 

For  research  purposes  it  is  usual  to  arrange  for  the  aircraft  to  be  flown  carefully  at  a • * *.  < • m 
and  height  over  a suitable  testing  field;  although  in  certain  investigations,  such  as  measurenu-i. ' • 
ai-.rame  originating  noise  this  may  not  always  be  possible,  or  some  special  test  involving  i 
he  required. 

2.2.1  Microphone  Arrangement 

The  microphone  or  microphones  should  always  be  placed  at  a standardised  height  of  1-  • ’ v . 

ground  plane  with  determinable  acoustic  properties,  or  else  a "perfectly  hard"  ace  .st i 
surface  such  as  smooth  concrete  or  hot-rolled  asphalt. 
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The  microphone  orientation  is  an  important  consideration,  and  practice  ranges  from  those  who 
maintain  a fixed  orientation  (either  axis  vertical  or  axis  horizontal  and  in  plane  of  the  fly-over) 
and  rely  on  response  corrections  where  necessary  for  really  accurate  results,  to  thoseusing  a 
grazing  incidence  situation  (or  as  nearly  as  possible)  for  both  fly-over  and  side-line  data.  In 
any  event,  it  is  most  important  to  know  the  microphone  characteristics  and  to  note  the  orientation 
employed.  The  author  prefers  the  vertical  microphone  system  since  this  gives  utmost  signal  to  noise 
level  in  most  situations. 

The  microphone  should  be  situated  well  away  from  the  recording  caravan  or  personnel  conducting  the  tests, 
so  that  stray  sounds  are  minimised  and  non-ideal ised  reflecting  planes  are  avoided. 

The  microphone  should  always  be  fitted  with  a suitable  wind  shield.  The  foam  sphere  type  is  preferred 
since  they  maintain  good  uniform  polar  and  frequency  response.  For  reliable  research  or  development 
work,  the  wind  at  the  microphone  position  should  not  exceed  4 m/s  (8  kts)  with  occasional  gusts  to 
perhaps  5 s (or  10  kts).  Even  so,  it  may  transpire  that  sharp  wind  gusts  cause  momentary  overload 
of  the  input  amplifier  to  the  measuring  or  recording  system  and  hence  will  produce  spurious  data.  If 
the  data  can  be  measured  wi th  A -weighting  or  a high-pass  filter  (125  Hz  roll-off  had  been  found  in 
practice  to  be  acceptable)  then  overloading  problems  due  to  wind  are  largely  avoided,  but  note  that 
the  atmospheric  propagation  effects  of  the  wind  may  or  may  not  be  acceptable  at  higher  speeds  than 
4m/s  depending  on  whether  these  effects  are  to  be  included  in  the  investigation. 

For  most  purposes  a 1"  condenser  microphone  offers  a reasonably  flat  response  over  the  usual  audio 
frequency  range  defined  for  aircraft  noise  work  at  45  to  11200  Hz.  However,  at  a loss  of  basic 
sensitivity  of  order  12  dB(A),  a J"  microphone  cartridge  can  be  used  when  it  is  necessary  to  record 
up  to  the  upper  limit  of  human  audibility  or  to  cover  smaller  scale  research  engines  from  which  data 
must  be  gathered  at  high  enough  frequency  to  scale  down  to  the  audio  frequency  range  for  a full  scale 
engine  of  the  same  type. 

Arrangements  for  powering  the  microphones  range  from  the  use  of  normal  mains  driven  units,  where  this 
is  possible,  to  the  use  of  battery  powered  sound  level  meters,  or  microphone  amplifiers  operated  from 
12V  vehicle  battery  supplies.  One  type  of  portable  recorder  now  incorporates  its  own  power  supplies 
and  input  amplifiers  for  microphones. 

2.2.2  Recording 

During  a flyover,  the  system  is  required  to  cope  with  a considerable  range  of  levels  and  frequency 
distributions.  Usually  the  data  has  to  be  recorded  for  subsequent  detailed  analysis  and,  allowing 
about  lOdB  for  inability  to  precisely  set  up  for  the  peak  levels  which  arise,  the  effective  dynamic 
range  for  signals  using  D.R.  recorders  is  a further  40  dB.  A typical  peak  level  might  be  115  dB  LIN 
against  a general  background  level  of  40  to  45  dB  LIN.  Thus  it  is  impossible  to  record  the  peak,  and 
the  background  level  before  fly-by,  accurately  on  the  same  system.  Further  it  must  be  remembered  that, 
on  replay  of  analysis,  it  is  necessary  to  cope  with  a further  element  of  dynamic  range  imposed  by  the 
spectral  range  of  levels.  This  can  easily  be  a further  30  to  40  dB  especially  when  narrow  band  analyses 
are  used  to  distinguish  between  multiple  tonal  noises.  It  should  be  borne  in  mind  that  in  measuring 
systems,  gain  changes  in  lOdB  steps  are  desirable,  both  to  ease  computation  of  levels  and  to  avoid 
obvious  errors  in  noting  gains.  A way  of  overcoming  this  is  to  use  two  channel  recorders  and  to  feed 
the  same  signal  into  both  channels  using  differently  set  gains.  Then,  if  the  low  channel  should  overload, 
the  data  can  always  be  retrieved  by  switching  to  the  high  channel.  Since  many  workers  use  the  second 
channel  as  a voice  log,  the  system  can  always  be  arranged  with  a circuit  which  will  permit  this  unless 
the  signal  from  the  measuring  microphone  system  exceeds  a preset  value.  This  is  especially  useful 
where  a wide  range  of  aircraft  events  are  to  be  recorded  without  any  accurate  prior  knowledge  of  peak 
levels.  Above  800  Hz  high  frequency  pre-emphasis  is  used  to  overcome  the  spectral  level  range  problem. 

The  recorder  automatically  reduces  the  high  frequency  levels  again  to  the  correct  values  on  replay. 

For  some  specialised  tests,  for  example  where  it  is  desired  to  record  the  spread  of  noise  laterally  to 
the  flight  trackline,  a multi-channel  system  might  be  preferable,  although  the  author  has  found  that 
the  ability  to  use  up  to  four  synchronised  portable  twin  channel  machines  for  field  work  eases  the 
power  supply  problem. 

In  the  main,  D.R.  equipment  is  used  since  it  is  not  often  essential  to  record  the  very  lowest  of  fre- 
quencies, and  tape  consumption  is  much  less.  For  highest  accuracy  research, a tape  speed  of  at  least 
7J  ips  is  used,  but  for  operational  field  work,  where  indices  of  community  noise  are  being  evaluated 
and  weighting  networks  are  in  use,  a speed  of  3 3/4  ipS  will  cover  the  frequency  range  adequately.  Of 
course,  if  model  scale  work  is  being  done,  then  even  higher  tape  speeds  might  become  necessary. 

The  recording  tape  should  be  of  the  instrumentation  grade,  capable  of  a wide  dynamic  range,  and  the 
oxide  material  should  offer  low  distortion  at  a high  recording  level  without  any  drop  outs.  It  should 
have  good  long  term  storage  cabability,  free  from  static  and  stray  magnetic  pick-up.  The  base  material 
should  be  robust  and  relatively  non-elastic,  and  offer  good  spooling  characteristics  without  snatching. 
Oxides  should  be  fine  in  texture  giving  lower  head  wear.  The  tape  should  be  tolerant  of  the  wide  range 
of  climatic  conditions  in  which  noise  measurements  have  to  be  made. 

Matt  backed  polyester  based  tapes  with  loaded  ferric  oxide  mediums  are  to  be  preferred  for  most  pre- 
cision recordings.  A newer  range  of  sandwich  materials  should  soon  be  available  offering  a wider 
dynamic  range  with  higher  overload  and  3rd  harmonic  distortion  tolerance. 

2.3.3  Ancilliary Data  Measurements 

It  is  necessary  to  measure  or  record  a number  of  ancilliary  parameters  during  flyover  measurements  of 
noise.  Of  course  with  research,  some  data  is  specific  to  the  purpose  of  the  testing,  but  it  is 
usual  to  be  able  to  measure: 
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Aircraft  Altitude  over  the  microphone  (array) 

Aircraft  Fly-over  Speed 

Engine  RPM  (for  each  significant  rotor) 

Aircraft  Actual  Track  Position 

It  might  also  be  required  to  know: 

The  Aircraft  operating  weight 
Aircraft  Altitude  Data 

Aircraft  to  measuring  system  range  and  angular  disposition 
throughout  the  fly-over 

We  also  need  to  measure  the  followinn  »teorological  data: 

Ambient  atmospheric  pressure 

Wind  speed  and  direction  (including  gust  magnitudes) 
at  microphone  level  and  possibly  at  relevant  flight 
altitudes 

Air  temperature  at  microphone  level  and  possibly  at 
relevant  flight  altitudes 

Wet  bulb  air  temperatures  at  microphone  level  and 
possibly  at  relevant  flight  altitudes 

There  are  several  acceptable  ways  of  recording  aircraft  altitude,  remembering  that  for  normal  opera- 
tional flying,  it  requires  as  much  as  12Z  error  to  produce  a 1 dB  error  on  this  account.  One  way 
is  to  rely  on  the  pressure  altimeter  of  the  aircraft  being  used  for  the  research.  More  accurately 
the  aircraft  could  be  equipped  with  radar  altimetry.  However,  it  is  the  usual  practice  to  check 
the  altitude  by  a ground  based  independent  system.  One  of  the  simplest  methods  is  to  use  a camera 

fitted  with  a suitable  lens  to  cater  for  the  ranges  involved.  A surprisingly  reliable  way  of  operating  , 

is  to  have  someone  pan  the  camera  and  to  fire  the  shutter  as  the  aircraft  is  judged  to  be  at  right-  i 

angles  to  the  flight  path  from  the  observation  position.  Often  features  such  as  the  engine  intakes 
can  be  used  as  a guide  to  when  this  occurs  since  they  are  no  longer  seen  as  elipses  but  as  a 
line;  (beware  however  of  aircraft  installations  with  inclined  intake  face). 

Other  groups  prefer  to  use  a fixed  camera  system,  adjusted  by  spirit  level  to  point  vertically  from 
as  close  to  the  microphone  as  practicable.  A refinement  is  to  have  two  additional  cameras,  orientated 
at  30  or  so  either  side  of  the  vertical  plane  through  the  flight  path,  in  order  to  catch  the  off- 
track aircraft.  With  all  camera  techniques  it  is  preferable  to  calibrate  using  a large  marked  out 
wall,  photographed  with  the  same  lens  system  and  from  a measured  distance  typical  of  the  ranges 
experienced  in  theflight  tests.  When  using  the  fixed  camera  system(s)  the  calibration  can  also 
provide  details  of  off-track  distance  as  well  as  altitude.  Naturally  to  determine  altitude  the 
aircraft  size  must  be  known.  With  focal  plane  shutters  it  is  preferable  to  set  the  camera  with  the 
shutter  action  transverse  to  the  track  of  the  aircraft.  Then,  if  distortion  occurs  due  to  the  finite 
blind  speed,  the  fuselage  length  remains  a good  basis  for  the  altitude  calculations.  Wing 
span  can  still  be  used  however  if  any  angled  appearance  is  ignored  and  the  projected  span  perpendicular 
to  the  fuselage  centre  line  of  the  image  used  instead.  The  other  method  of  altitude  calculation 
uses  the  focal  length  of  the  camera  lens  but  is  less  reliable  since  this  must  be  known  or  determined 
to  a reasonably  high  accuracy.  : 

In  scaling  the  image  sizes,  a large  scale  print  of  the  negative  to  a known  magnification  can  be  used, 
but  the  author  prefers  to  project  the  original  negative  material  onto  a screen  in  a darkened  room 
(also  the  calibration  negative).  With  suitable  lenses  it  is  then  possible  to  measure  image  size  to 
better  than  U and  thus,  if  the  calibration  is  over  a typical  range,  to  this  same  accuracy  in 
altitude.  Refinements  include  making  allowances  in  the  calculations  for  aircraft  fuselage  attitude 
(from  even  an  approximate  knowledge  of  the  aircraft's  performance)  or  judging  roll  attitude  from  the 
ratio  of  measured  span  image  to  fuselage  image.  With  two  camera  operators  equipped  with  hand-held  cameras 
and  built-in  devices  for  projecting  a gravitationally  determined  elevation  scale  and  compass  bearing 
scales  into  the  lens  system,  researchers  at  Southampton  have  successfully  determined  altitude,  track 
error,  and  attitudes  in  pitch  or  roll.  A further  simple  refinement  is  to  arrange  for  the  camera 
operation  to  event  mark  the  tape  recording  as  an  indication  of  the  time  of  the  closest  fly-by. 

Other  methods  of  much  more  accurate  altitude  (and  speed)  determination  include  ground  based  precision 
radar  and  tracking  cine-theodolites,  preferably  two  sets  in  synchrony,  used  along  and  normal  to  the 
flight  path  to  determine  the  precise  aircraft  motion. 

An  independent  check  on  aircraft  speed  is  also  desirable,  since  the  on-board  equipment  is  usually 

air-speed  based,  and  requires  adjustment  to  give  the  true  ground  speed.  One  method  which  the  author  v' 

has  used  is  to  select  suitable  points  on  the  ground  about  2 to  5 kilometres  from  the  microphone  system. 

Markers  are  laid  out  on  the  ground  at  these  points  as  an  aid  to  flying  the  required  ground  track, 
which  is  usually  selected  on  the  day  of  tests  to  be  closely  aligned  to  the  wind  direction.  The  ground 
distance  between  both  markers  and  the  microphone  is  determined  either  by  identification  on  suitable 

ordnance  survey  maps  or  by  using  a precision  microwave  interferometer  instrument,  capable  of  accuracy  * , 

to  much  better  than  1cm  in  a kilometer  of  range.  It  is  then  a simple  matter  for  observers  (in  touch 

with  a control  centre  by  two-way  radio)  to  report  marker  pass-by,  preferably  using  a simple  sighting 

frame  set  normally  to  the  expected  flight  path.  The  control  centre  records  the  times  by  chronometer 

or  else  feeds  the  audio  marks  from  the  outer  station  observers  onto  the  tapevoice  track.  It  is  a 

simple  matter  to  compute  the  average  ground  speed  between  each  mark  or  and  the  microphone  and  to 

calculate  the  relative  times  for  any  required  noise  propagation  path  angle  from  the  aircraft  to  the 

microphone(s)  knowing  the  flight  track  and  altitude  and  ambient  speed  of  sound. 
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Engine  parameters,  and  aircraft  weight  are  usually  available  in  research  exercises  from  on-board 
data  systems,  but  there  are  means  of  deducing  the  engine  speed  from  the  received  noise  signatures 
if  details  of  the  engine  compressors,  fans  or  turbines  are  available.  Account  must  be  taken  of  the 
Doppler  frequency  shift,  or  the  engine  speed  determined  as  the  aircraft  passes  with  maximum  rate  of 
change  of  Doppler  frequency.  Note  that  this  does  not  occur  at  closest  pass-by  position  due  to  the 
finite  time  taken  for  sound  propagation,  during  which  the  aircraft  has  moved  on  somewhat.  A simple 
means  of  achieving  this  information  is  to  use  an  X(t)  - Y(f)  - Z recorder,  whereupon  the  Doppler 
inflection  point  can  be  readily  detected,  or  the  extremes  of  Doppler  shift  used  to  calculate  the 
equivalent  static  frequency.  The  same  shift  can  be  used  to  provide  an  independent  check  on  aircraft 
speed  and  the  rate  of  change  at  the  inflection  can  be  related  to  altitude  and  speed.  Doppler 
corrected  frequencies  have  to  be  identified  with  engine  rotor  frequencies  knowing  the  blade  numbers  and 
by  deduction  of  the  harmonic  series  detectable  from  the  analysis  trace. 

Incidentally,  the  same  X(t)  - Y(f)  - Z plot  can  yield  very  useful  information  on  the  ground  plane 
interference  problem.  It  transpires  that  the  constructive  and  destructive  interferences  show  up  as 
parabolical ly  shaped  zones  in  the  frequency  versus  time  plot,  minimising  at  the  condition  of  vertical 
ray  path  from  the  aircraft.  This  permits  the  analysed  detailed  spectra  to  be  more  accurately  corrected 
to  give  "equivalent-to-free-f ield"  data.  Again  the  parabola  forms  are  directly  relatable  to  the  source 
altitude  and  microphone  height  above  the  ground  plane. 

If  the  testing  is  conducted  at  or  near  a recognised  airfield  it  is  usually  simple  to  collect  the  hourly 
data  from  the  local  meteorological  unit.  However  the  recording  team  should  be  equipped  with  a suitable 
pole-mounted  or  hand-held  aneiroraeter  and  also  a wet  and  dry  bulb  whirling.  Mason's,  or  aspirated 
hygrometer  to  determine  air  temperature  and  relative  humidity  . These  should  be  recorded  at  frequent 
intervals  during  the  testing.  Wind  direction  is  best  observed  via  a weathercock  vane,  although  signs 
of  smoke  from  local  factories,  or  other  indications  can  be  used  since  it  is  unusual  to  use  the  wind  data 
for  elaborate  correction  of  the  received  noise  data.  Ambient  atmospheric  pressure  does  not  vary  much 
over  the  area  used  for  testing  and  can  usually  be  obtained  from  the  nearest  airfield  records  of  QNH. 

If  met  data  at  altitudes  representative  of  the  aircraft  operation  are  needed,  then  either  the  nearest 
local  weather  station  equipped  with  balloon  ascent  equipment  may  be  consulted  or  else  special  arrange- 
ments made  to  acquire  such  data.  This  is  especially  important  when  conducting  research  into  atmospheric 
propagation  from  air-to-ground. 

2.2.4  Outline  Test  Procedure 

Having  set  up  the  measuring  systems,  the  noise  channels  should  be  calibrated  using  a pistonphone  or 
equivalent  and  this  signal  recorded  at  the  chosen  tape  speed,  noting  the  gains  used.  The  calibration 
also  serves  to  indicate  correct  working  of  the  system,  but  it  is  always  wise  also  to  listen  with 
earphones  to  the  ambient  noise  (birdsong  or  distant  traffic  etc.)  at  a suitably  lower  gain  setting. 

This  can  indicate  strong  hum  notes,  oscillations  or  excessive  noise  and  cracking  which  can  be  caused 
by  malfunctioning  microphones  or  cathode  follower  systems  and  cables.  If  all  is  well,  the  amplifier 
and  recorder  gains  are  set  to  suitable  values  for  the  tests  and  noted.  Measuring  systems  which  provide 
a frequency  encoded  gain  value  or  some  similar  indication  onto  tape»just  after  switch  on  to  record  mode, 
are  very  worthwhile  for  checking  that  attenuator  settings  have  been  correctly  documented.  Incidentally 
if  the  recording  system  contains  a fully  variable  gain  control,  make  all  gain  adjustments  with  the 
microphone,  or  S.L.M.  amplifier  and  preferably  clamp  or  retain  with  adhesive  tape  the  chosen  calibration 
position. 

The  microphone  power  supplies  must  be  switched  on  to  allow  the  system  to  warm  up  thoroughly,  well 
before  the  first  flyover  is  recorded.  Where  a portable  recorder  with  facilities  for  direct  acceptance 
of  condenser  microphones  is  used,  the  recorder  must  be  switched  to  test  a standby  position.  In  this 
setting  the  microphone  signal  can  be  audibly  monitored  before  recording. 

The  recording  process  should  be  started  well  before  the  aircraft  sound  becomes  detectable  above  the 
ambient  noise.  This  ensures  that  the  ambient  can  be  determined  (or  at  least  the  system  noise  floor 
level)  and  ensures  that  enough  data  is  recorded  to  permit  evaluation  of  duration  dependent  indices 
such  as  EPNL  or  Leq  if  these  are  required.  A length  of  pre  and  post  fly-over  tape  is  also  useful  for 
recording  the  outstation  marker  timings  and  for  actuation  of  automatic  analysis  sequencing  systems. 

These  are  systems  for  cycling  a fly-over  record  through  a 1/1  octave  band  analyser  and  moving  through 
the  correct  sequence  of  centre  frequencies  before  switching  off  - all  under  operation  without  super- 
vision. 

During  the  fly-over,  besides  the  marker  data  and  photographic  or  cine-theodolite  activity,  it  is  necessary 
to  keep  an  eye  on  the  recording  level  indicator  (or  preferably  an  oscilloscope  waveform  monitor)  to  check 
whether  suitable  recording  gains  are  being  used.  Most  systems  will  cater  for  the  odd  excursion  of 
the  needle  into  the  marked  overload  region  on  the  modulometer,  but  if  the  meter  stays  hard  over  at 
high  level,  or  alternatively  if  the  highest  level  ever  recorded  is  such  that  the  meter  hardly  indicates, 
then  the  gains  should  be  changed  by  an  appropriate  number  of  10  dB  steps. 

After  the  recording,  if  time  permits,  it  is  useful  to  rewind  the  tape  and  to  play  back  the  recording 
for  checking  purposes,  audio  monitoring  using  headphones  or  using  the  recorder's  monitoring  loudspeaker 
if  fitted.  Usually  the  recorder  will  have  a "direct"  or  "tape"  monitoring  selection  switch  for  meters 
and/or  audio  monitor  loudspeaker.  Return  the  recorder  to  the  ready  to  record  status  in  anticipation 
of  further  fly-over  recordings.  Unless  a separate  voice  channel  is  available,  and  even  so  only  if  use 
of  the  voice  mic  can  be  accomplished  without  airborne  sound  also  reaching  the  data  mic,  it  is  wise  to 
leave  all  conmentary  to  the  beginnings  and  ends  of  the  tape  record.  My  own  practice  is  to  announce 
all  known  aspects  at  the  beginning  (e.g.  Flight  Number,  Altitude,  recording  number,  gain  settings,  time 
at  start  of  data  record)  and  to  finish  with  items  which  were  the  result  of  the  test  (e.g.  maximum  level 
recorded,  flight  track  inaccuracies,  time  at  end  of  data  record  and  other  useful  reminders). 
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At  the  end  of  the  session,  say  occupying  a morning,  a further  calibration  check  should  be  made  and 
recorded.  Systems  are  usually  very  stable  and  more  often  than  not  the  identical  level  will  be  found 
on  re-calibration.  However  a slight  change  of  say  only  0.2  dB  is  usually  ignored,  whilst  for  J or 
1 dB  change  an  average  correction  could  be  made  to  all  the  data.  It  is  emphasised  that  it  is  rare 
to  have  to  resort  to  this. 

2.3  Multi  Microphone  Arrays 

Multi  microphone  arrays  have  been  used  for  specific  research  where  either  it  is  required  to  record 
the  spread  of  noise,  say  laterally,  from  all  aircraft  without  repeating  flights  which  might  not  be 
identically  set  up  or  controllable  to  the  required  accuracy.  Again,  often  multi-channel  work 
involves  less  in  the  way  of  costs  than  a lengthy  flying  programme.  Apart  from  the  multi-recording 
system  necessary,  with  the  need  for  careful  selection  of  appropriate  recording  gains  over  all  the 
channels,  the  measurement  exercise  is  straightforward. 

Where,  however,  the  multi  microphone  array  is  chosen  to  improve  accuracy,  then  there  is  a slight  com- 
plication in  the  analysis  procedure.  During  an  aircraft  fly-over,  the  angular  radiation  region  from 
say  85°  to  95°  with  respect  to  the  forward  axis  of  the  engines  occupies  less  than  a quarter  second  in 
circumstances,  when  lower  altitude  and  higher  speeds  are  being  flown.  On  analysis  therefore,  it  is 
impossible  to  achieve  the  desired  statistical  accuracy  with  an  angular  resolution  of  5 when  narrow 
band  information  is  necessary,  or  even  when  using  the  lower  1/3  octave  bands.  Therefore  accuracy 
has  to  be  improved  either  by  flying  more  identical  tests,  or  by  averaging  data  collected  from  several 
microphones, receiving  essentially  the  same  overflight  sequence,but  sufficiently  apart  to  make  the 
data  unrelated  to  the  next  microphone.  For  the  random  noise  sources  of  the  aircraft,  this  means 
spacings  of  about  2 of  the  lowest  wavelengths  to  be  measured  or  about  50ft  for  most  aircraft  noise 
work.  Some  work  of  this  nature  conducted  in  the  United  States  of  America  has  employed  arrays  up  to 
500ft  separation.  The  data  processing  requires  that  synchronisation  between  channels  (on  each 
separate  recorder)  is  available  and  a marker  pulse  assists.  Data  is  digitally  or  otherwise  ensemble 
averaged  to  give  the  required  data  for  frequency  analysis,  or  else  the  ensembling  is  performed  in  the 
frequency  domain.  In  the  case  cited,  about  five  or  six  microphone  ensembles  would  give  an  acceptable 
resolution  and  accuracy  over  the  audio  frequency  range. 

3.0  CERTIFICATION  MEASUREMENTS 

We  will  not  discuss  the  detailed  background  to  aircraft  noise  certification,  but  basically  an  inter- 
nationally agreed  scheme  was  set  up  by  the  International  Civil  Aviation  Organisation  (ICAO)  cotnnencing  in 
1970  whereby  all  new  subsonic  aircraft  with  engines  of  by-pass  ratio  2 or  more  requiring  a type  certificate 
had  to  comply  with  certain  noise  limitations.  In  the  United  States  of  America  a similar  scheme  was  initiated 
and  administered  by  the  Federal  Aviation  Authority  (FAA).  Since  the  initial  coverage  of  aircraft  categories, 
I.C.A.O.  and  F.A.A.  have  extended  the  certification  requirement  to  new  production  of  older  types  of  sub- 
sonic jet  and  in  the  USA  there  is  a declared  programme  of  progressive  coverage  of  aircraft  such  as  Super- 
sonic Transports  and  V.S.T.O.L.  types.  I.C.A.O.  intends  to  reduce  the  permitted  levels  for  subsonic  aircraft 
in  the  very  near  future. 
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Both  the  I.C.A.O.  and  the  F.A.A.  schemes  follow  along  very  similar  lines  and  each  requires  the  aircraft  type 
to  be  flown  over  a prescribed  take-off  and  landing  approach  procedure  whilst  noise  is  recorded  at  specific 
points  directly  under  the  extended  runway  centrelines  and  at  a set  distance  to  the  side  of  the  runway  line. 
Figure  3 illustrates  the  procedure  and  the  current  maximum  permitted  levels  for  the  F.A.A.  system.  Note  that 
the  permitted  level  is  a function  of  the  aircraft  declared  maximum  take  off  weight  and  that  the  index  chosen, 
after  much  discussion  and  testing  against  subjective  surveys,  is  the  Effective  Perceived  Noise  Level  EPNL 
(in  units  of  EPNdB) . 
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3.1  Analysis  of  Aircraft  Noise  to  produce  EPNL 

We  will  briefly  consider  the  procedure  for  deriving  the  EPNL  from  an  aircraft  fly-over  test,  since  many 
of  the  aspects  of  Noise  Certification  testing  stem  directly  from  the  nature  of  this  index. 

We  start  with  the  same  procedure  as  for  ordinary  PNL  calculation.  That  is  the  instantaneous  1/3  octave 
band  spectrum  of  noise  is  firstly  converted  to  NO/  values  by  use  of  the  approved  tables  or  a suitable 
formulation  for  computer  use.  The  range  of  frequency  is  from  the  1/3  octave  centred  on  50  kHz  (lower  limit 
45  Hz)  up  to  the  band  centred  on  10  kHz  (upper  limit  11,200  Hz).  The  NOY  values  are  then  summed  and  the 
total  weighted  by  a factor  0.15  to  which  is  added  0.85  of  the  largest  NOY  value  for  the  spectrum.  Then  the 
result  is  re-converted  to  decibel  form  by  taking  33.3  Logjo  of  its  value  and  adding  40  (the  latter  to  produce 
numbers  of  meaningful  values  apparently). 

In  the  EPNL  computational  procedure,  this  process  is  conducted  for  the  complete  fly-over  noise  time  history 
in  J second  intervals  or  less.  The  spectrum  is  then  examined  for  a given  time  interval,  and  a correction 
procedure  applied  to  allow  for  irregularities  (caused  by,  for  example  discrete  tones).  The  procedure  is 
complex  and  for  a complete  account  the  references  should  be  consulted.  In  essence  the  slopes  of  adjacent 
1/3  octave  bands  are  computed,  and  those  where  adjacent  slopes  have  a change  in  value  outside  the  range  ♦ 

5dB  are  noted.  If  the  slope  is  positive  and  also  algebraically  larger  than  the  value  at  the  next  1/3 
octave  group  down,  the  SPL  corresponding  is  also  noted,  but  if  the  slope  is  0 or  negative  and  the  slope  below 
it  is  positive  then  the  lower  band  SPL  is  noted. 

The  next  step  computes  new  SPL's  for  the  noted  values  by  averaging  the  values  below  and  above.  A procedure 
for  the  top  (23rd  1/3  octave)band,  if  its  SPL  was  noted  computes  the  new  value  from  the  23rd  SPL  value  and  the 
slope  of  the  23rd  group.  The  slope  procedure  is  then  re-commenced  (including  an  imaginaty  25th  band  value) 
and  the  arithmetic  average  of  each  group  of  3 adjacent  slopes  calculated.  Then  new  adjusted  band  SPL's  are 
obtained  by  starting  with  the  first  value  and  adding  the  appropriate  average  slope  and  proceeding  throughout 
the  spectrum. 


{ 


’< 


The  adjusted  SPL'a  are  then  compared  to  the  originals  and  only  those  which  have  increased  by  at  least  3.0 
noted.  Only  for  such  bands  are  tone  correction  values  determined  from  a chart  in  terms  of  the  actual  level 
difference  and  the  frequency  range  appropriate.  For  this  purpose  the  frequency  ranges  are  the  bands  from 
50  Hz  to  400  Hz,  the  bands  from  500  Hz  to  4000  Hz  and  the  bands  at  5000  Hz  and  above. 

2 

The  tone  correction  factors  (which  can  never  be  greater  than  ♦ 6 / 3 are  added  to  the  PNL  values  to  give  the 

tone  corrected  PNLT. 

The  next  step  is  to  determine  the  maximum  value  of  PNLT  (called  PNLTM)and  to  compute  a duration  correction 
D,  whence  EPNL  - PNLTM  ♦ D. 

D is  found  by  a step  integration  process  for  all  values  of  PNLT  which  are  either  greater  than  90  PNdB  or 
are  within  lOPNdB  of  the  PNLTM  level.  The  summation  is  performed  on  a pseudo  energy  basis,  i.e.  the 
individual  PNLT's  are  divided  by  10,  antilogged  to  base  10,  summed  for  all  relevant  time  intervals,  and 
divided  by  a reference  or  normalising  time  of  10  seconds.  The  units  are  reconverted  to  decibel  form 
by  taking  10  x logjo  of  the  result  and  subtraction  of  PNLTM  from  this  gives  the  required  Duration  Correction 
D.  There  are  ref inements for  the  case  where  the  analysis  interval  is  less  than  J second  or  to  cater  for  10  dB 

down  from  PNLTM  falling  between  individual  PNLT  values.  Where  two  values  of  peak  PNLT  occur  the  maximum 

duration  interval  is  to  be  taken.  To  cater  for  very  quiet  aircraft  for  which  the  10  dB  down  points  lie 
below  90  PNdB,  the  duration  is  taken  from  the  time  of  1st  exceeding  90  PNdB  to  the  last  time  of  falling 
below  this  level. 

It  will  be  seen  from  the  above  that  the  EPNL  is  by  no  means  simply  related  to  the  overall  level  (OASPL)  or 
LIN  weighted  value,  and  even  less  so  to  the  A weighted  or  D weighted  values.  Thus  digital  or  RTA  and 
computer  systems  must  be  used  to  process  noise  certification  results.  However,  with  the  era  of  micro- 
processors upon  us  there  may  soon  be  a suitable  direct  reading  meter  on  the  market  before  very  long! 

3.2  Test  and  Data  Correction  Procedures 

Let  us  now  discuss  the  test  procedure  in  a little  more  detail.  For  accuracy  and  allowance  for  inabilities 
to  fly  precisely  accurate  flight  patterns,  the  certification  procedure  calls  for  at  least  six  sets  of  data  to 

be  averaged.  However,  the  spread  of  noise  data  from  such  a set  of  flights  is  not  just  simply  averaged  taking 

into  account  natural  propensities  for  pilots  and  aircraft  to  fly  in  slightly  varying  manners  each  time. 

Instead,  a correction  procedure  is  required  to  be  performed,  based  on  approved  data  characteristics  for  the 
aircraft  and  its  engines,  that  is  to  say,  data  from  the  aircraft  type,  accumulated  over  its  development  flight 
programme,  which  spans  more  than  the  required  range  of  experience  in  respect  of  noise  versus  aircraft  Take- 
off and  Landing  weight,  flight  speed,  engine  thrust  or  reference  shaft  RPM,  meteorological  trends  etc.,  etc. 

In  this  way  a series  of  trade-offs  are  established  and  approved  by  the  certification  authority. 

Let  us  take  as  an  example  for  the  approach  to  land  phase  of  the  test  results.  The  certification  procedure 
calls  for  the  aircraft  noise  to  be  evaluated  under  the  flight  path  at  ln.m  to  the  threshold  on  the  extended 
runway  centreline,  where  under  a standard  ILS  3 ♦ 0.5  approach  procedure  the  nominal  aircraft  altitude 

would  be  370  ft  above  airfield  level  at  threshold.  The  noise  data  has  to  be  that  which  would  have  apper- 
tained to  a sea  level  equivalent  atmosphere  at  ISA  ♦ 10°C  and  70Z  Relative  Humidity  (RH).  Additionally 
the  aircraft,  on  one  of  its  approaches  was  found  to  make  the  approach  at  an  engine  RPM  5Z  above  that  which 
should  have  been  used  for  the  actual  day  temperature,  due  to  factors  such  as  aircraft  weight  being  higher 
than  anticipated,  and  a greater  than  average  cross  wind  component  to  the  runway  heading.  The  aircraft  was 
also  found  to  pass  over  the  measuring  station  within  the  permitted  tolerance  of  altitude  but  at  413  ft  above 
airfield  level  (aal),  a difference  of  ♦ 43  ft,  and  moreover  at  a distance  of  98  ft  to  the  left  of  the 
runway  approach  centreline.  The  tower  recorded  an  air  temperature  of  + 18.5  C during  the  hour  occupied  by 
the  measurements  with  a relative  humidity  of  64Z  and  a wind  at  270°  (for  a runway  heading  of  239  ) and  at 
6 kts  10  metres  aal.  The  measuring  microphone (s)  at  less  than  20ft  difference  re  a.l.  required  no 
correction  in  this  respect  (a.l.  is  at  110ft  AMSL) . 

Firstly,  having  analysed  the  fly-over  data  and  calculated  the  measured  spectra  for  $ second  intervals,  the 
spectra  must  be  adjusted  to  the  standard  certification  atmosphere  of  ISA  ♦ 10  C ♦ 70Z  R.H.  To  do  this, 
the  slant  ranges  from  the  aircraft  datum  (ILS  antenna)  to  the  microphone  must  be  calculated  for  the  time  at 
which  the  peak  value  of  tone  corrected  PNL  (PNLTM)  was  emitted.  The  absorption,  as  a function  of  1/3  octave 
band  frequency  is  then  interpolated  from  approved  tables,  charts  or  formulations  (the  SAE  ARP  866  method 
or  the  simplified  methods  presented  in  the  certification  rules),  and  aopliedover  the  difference  between  the 
ranges  flown  to  the  ranges  had  the  aircraft  passed  at  the  correct  nominal  altitude  of  370  ft.  Correction 
for  inverse  square  law  of  distance  is  also  made.  Note  that  if  the  microphone  had  been  outside  the  20ft 
difference  from  a.l.  permitted,  the  noise  level  corrections  would  have  been  made  on  a similar  basis,  i.e.  one 
of  correcting  the  slant  ranges.  If  necessary  a directional  correction  must  also  be  made  for  the  fact  that 
the  noise  was  measured  at  1 3 J to  the  downward  vertical  rather  than  right  underneath  the  aircraft. 

Because  on  approach  to  land,  the  noise  of  a turbofan  engined  aircraft  is  primarily  fan  RPM  dependent,  the 
noise  data  must  now  be  corrected  for  the  aircraft  performance  deviations.  From  approved  aircraft  performance 
data,  the  engine  RPM  which  should  have  been  used  for  certifications  is  known,  and  also  such  ancilliary  para- 
meters as  the  fan  inlet  weight  flow  can  be  calculated  from  approved  engine  performance  data.  The  actually 
recorded  engine  RPM's  are  compared  and  the  mean  correction  to  engine  noise  level  deduced  from  the  attendant 
change  in  fan  relative  velocities  and  intake  airflow.  Where  it  can  be  established  that  negligible  spectral 
change  results  from  the  changed  engine  conditions,  then  simple  overall  PNdB  corrections  can  be  applied, 
otherwise  some  modification  to  the  spectral  time  history  might  become  necessary.  Generally  speaking  most 
engines  will  not  require  elaborate  corrections  for  changes  within  the  permitted  tolerances  (F.A.A.  specify 
that  the  correction  due  to  approach  weight  must  not  exceed  1 EPNdB  and  the  maximum  correction  in  any  1/3 
octave  band  for  the  error  in  passing  over  the  approach  datum  point  is  3 dB.  In  this  way  approved  correction 
charts  for  the  influences  of  aircraft  take-off  weight,  landing  weight  and  angle  of  approach  can  be  established. 
Note  that  there  is  no  correction  procedure  specified  for  wind,  only  a limitation  of  10  kts  at  the  airfield 
measuring  location  (and  a similar  condition  on  the  wind  local  to  the  microphone  position(s))plus  a note  that 
"anomalous"  wind  conditions  or  temperature  inversions  must  be  avoided. 
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Likewise,  there  is  no  standardised  correction  procedure  for  overground  attenuation  - particularly  relevant  for 
the  sideline  measurement  case.  Instead,  obvious  high  sound  absorptivity  sites,  such  as  tall  grass  or 
shrubs  are  to  be  avoided,  also  significant  obstructions  within  a cone  semi  angle  of  75  to  the  vertical 
at  each  measuring  site. 

The  above  example  illustrates  the  care  and  scope  of  data  which  must  be  gathered  and  processed  in  order  to 

satisfy  compliance  with  noise  certification  limits.  Table  I sets  out  the  basic  conditions  for  the  F.A.A. 

scheme  and  the  l.C.A.O.  system  which  differs  in  minor  respects. 

For  l.C.A.O.  the  response  point  for  approach  at  390  ft  is  120  metres  (393.7  ft)  aal.  Sideline  noise  is 
measured  at  650  metres(.35  nm)  from  the  runway  centreline  as  opposed  to  the  F.A.A.  dual  system  of  .35  nm 
for  large  aircraft  and  .25  nm  for  smaller  aircraft.  Also  there  are  differences  in  the  trade-offs  which 

are  permitted  for  slight  failures  to  meet  t’ e noise  limits  at  a given  reference  point  in  exchange  for 

meeting  the  limits  by  a margin  at  other  points.  The  F.A.A.  regulations  allow  excesses  at  one  or  two 
points  provided  these  add  up  to  3 EPNdB  or  less  and  no  single  excess  value  is  more  than  2 EPNdB.  Of 
course  the  total  excess  value  must ba  lance  the  total  margin  available  at  the  other  point(s).  The  l.C.A.O. 
system  allows  trade-offs  to  a total  of  excesses  not  greater  than  4 EPNdB  with  a single  point  excess  up 
to  3 EPNdB  provided,  as  with  the  F.A.A.  requirement,  that  the  excesses  and  the  margins  are  arithmetically 
balanced. 

On  the  topic  of  sideline  noise,  it  must  be  noted  that  the  relevant  peak  noise  level  for  calculating  EPNL 
is  the  maximum  which  occurs  anywhere  along  the  sideline  path.  Therefore  several,  usually  at  least  five, 
measuring  stations  are  needed  to  establish  this  fact.  The  authorities  may  allow  fewer  stations  provided  it 
can  be  shown  from  the  aircraft's  established  noise  characteristics  that  the  chosen  locations  definitely 
capture  the  peak  sideline  levels.  Because  of  ground  absorption  effects^  this  will  always  be  where  the 
aircraft  has  left  the  runway  and  subtends  an  angle  above  some  10  to  15  to  the  observers  horizon. 

The  actual  recording  and  basic  noise  analysis  processes  for  certification  are  no  different  from  those  out- 
lined for  research  purposes  excepting  that  there  are  defined  instrumentation  standards  and  pen  recorder 
writing  speeds  etc.  to  follow.  The  salient  F.A.A.  and  l.C.A.O.  specifications  are  shown  as  Table  II. 

3.3  Some  Comments  on  Certification  Problems 

In  this  section,  we  note  a few  points  about  certification  measurement  methods  which  either  call  for 
eventual  improvement,  or  which  need  caution  if  certification  derived  data  is  used  as  a guide  for  operational 
suitability  of  aircraft  types. 

Just  as  safety  tests  for  road  vehicles  are  not  intended  to  guarantee  road  worthiness  as  far  as  a potential 
purchaser  is  concerned,  so  the  noise  certification  procedure  can  only  be  a test  to  show  that,  under  fairly 
representative  conditions,  the  maximum  noise  levels  which  the  aircraft  type  could  produce  at  the  specified 
measuring  points  is  within  certain  limits  and  tolerances  as  prescribed  for  the  aircraft  type  certification 
weights.  To  do  this,  the  aircraft  manufacturer  works  out  an  approved  flight  procedure  which  produces  the 
minimum  noise  at  the  measuring  points  by  judicious  choice  of  operating  thrusts,  cut  back  time  after  start 
of  take  off  roll,  even  advantageous  directions  of  error  correction  and  atmospheric  conditions  correction  if 
such  margins  remain  open  to  him  under  the  specified  tolerances  and  approved  correction  procedures.  As  an 
example,  it  has  been  found  possible  to  re-establish  certification  requirements  by  flying  an  unmodified  air- 
craft for  a new  series  of  tests  under  differing,  but  still  officially  approved  and  within  limitations, 
atmospheric  and  ground  surface  conditions.  Within  a given  application  for  a certificate,  it  is  required  that 
all  data  points  measured  must  be  included  in  the  overall  average,  even  though  results  over  and  above  the 
minimum  six  samples  may  have  been  acquired.  Of  course  points  obtained  from  flights  conducted  outside  the 
acceptable  operation  conditions,  and  data  established  from  agreed  freak  sound  propagating  conditions  may  be 
discounted  by  agreement  with  the  certification  authorities.  It  is  gasy  to  understand  that,  at  typical 
operational  load  factors,  on  days  quite  different  from  the  ISA  ♦ 10  C,  707  RH  atmosphere,  and  operating  to 
a minumum  noise  procedure  to  suit  a local  community  for  the  airport  in  question,  the  noise  levels  may  be 
quite  different,  invariably  lower,  than  forthe  equivalent  certification  locations. 

At  extremely  high  frequencies  and  extreme  but  permitted  atmospheric  conditions,  sideline  noise  corrections 
may  have  to  be  applied  to  data  where  already  the  ambient  levels  are  comparable.  Clearly  this  would  lead  to 
erroneous  levels  and  the  F.A.A.  and  l.C.A.O.  rules  also  differ  in  the  methods  of  limiting  such  effects. 

The  F.A.A.  rule  limit  for  duration  correction  is  that  the  80  PNdB  level  may  be  used  where  the  10  dB  down 
point  is  not  clear  of  the  ambient  by  at  least  lOdB. 

In  certification  work,  the  microphone  orientations  are  fixed  by  F.A.A.  to  be  at  grazing  incidence  for  the 
nominally  overhead  flights  and  set  at  an  appropriately  similar  condition  for  the  sideline  conditions.  This 
minimises  the  extent  of  microphone  response  corrections,  but  since  all  authorities  and  companies/corporations 
conducting  such  exercises  use  computerised  analysis  and  correction  procedures,  there  is  no  great  saving  in 
technical  complexity. 

Certification  flying  must,  of  course,  be  conducted  at  an  airfield  not  only  offering  a suitable  outfield  for 
the  measuring  stations  (preferably  with  good  visual  warning  for  the  noise  recording  operators)  but  without 
conflicting  air  traffic,  noisy  local  construction  noise  or  other  intrusive  non-aircraft  sources.  Such 
conditions  are  notoriously  difficult  to  satisfy.  The  certification  rules  demand  that  the  aircraft  must 
operate  to  the  full  take-off  and  approach  patterns  laid  down,  and  after  passing  the  measuring  station  the 
aircraft  must  continue  to  climb  on  the  permitted  cut-back  gradient,  must  have  used  full  take-off  thrust  up 
to  1000  ft  altitude  aal  (and  at  the  correct  airspeed),  and  must  continue  the  approach  to  make  a normal 
landing  sequence. 

4.0  AIRPORT  NEIGHBOURHOOD  NOISE  MONITORING 

The  purposes  of  field  measurements  at  an  operational  airfield  are  either  for  research,  for  evaluation  of 
certain  legalistic  measures  for  compensation  or  noise  insulation  of  dwellings  or  schools/hospitals,  or  for 
ascertaining  whether  operators  comply  with  airport  noise  limit  policies. 
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For  the  latter,  the  major  point  which  has  not  already  been  covered  is,  that  the  siting  of  microphone 
needs  careful  consideration.  Some  airports  site  mics  at  suitable  points  along  specified  minimum  noise 
routes  and  representative  community  distances.  Others  use  the  actual  conmunities  from  which  the  bulk  of 
complaints  arise  and  site  the  transducers  on  suitable  buildings.  It  might  be  argued  that  local  acoustic 
interferences  will  affect  such  data,  but  provided  the  monitored  data  is  related  properly  to  propensity  to 
complain,  via  social  survey  data,  then  such  schemes  serve  usefully  to  avoid  an  ever  increasing  noise 
dosage  in  the  community. 

The  measuring  systems  have  to  be  "all-weather''  capable,  and  use  shielded  or  rainproof  microphones  with  built 
in  calibration  facilities  (at  cathode  follower  input).  The  more  sophisticated  schemes  use  noise  level 
actuated  recording  systems,  and  some  transmit  data  on-line  for  innnediate  processing  of  data,  so  that  the 
operator  or  captain  can  be  informed  almost  immediately  of  infringement.  Obviously  the  number  of  channels 
must  be  limited  by  economic  reality  and  monitoring  cannot  guarantee  that  at  certain  times  and  locations  a 
greater  than  desirable  noise  level  was  not  experienced  by  an  individual  resident. 

Research  and  compensation/insulation  noise  verifications  need  noise  measurements  to  be  made  under  as 
realistic  listening  conditions  as  possible.  Thus  portable  systems  or  car  based  systems  are  used  to 
record  both  aircraft  operational  noise  levels,  and  background  levels  from  all  other  sources,  at  "facade" 
distances  from  residences  or  other  establishments  of  interest.  Occasionally  indoor  measurements  are  made, 
although  there  is  an  over  dependence  on  correction  of  external  data  for  assumed  building  noise  insulation, 
since  it  is  not  always  possible  to  get  agreement  to  make  interior  noise  recordings. 

Very  few  such  environmental  noise  exercises  attempt  to  record  details  of  flight  paths,  etc.  other  than  the 
basic  noting  of  times  of  principle  events,  weather  conditions  and  other  essentials.  However,  in  the  UK, 
some  local  authorities  check  operational  details  so  that  contours  of  NNI  can  be  accepted  or  disputed  as 
the  case  may  be.  Often  for  general  noise  work  without  a statutory  basis  (as  when  compensation  is  not  being 
contested),  measurement  conditions  are  necessarily  not  ideal,  wind  conditions  and  light  rain  being  coped 
with  provided  there  is  no  obvious  disturbance  of  the  measured  levels  compared  to  that  which  would  be  heard 
by  the  local  residents.  Also,  analysis  is  often  simplified,  and  suitable  A or  D weighting  networks  used 
with  adjustment  constants  instead  of  using  the  full  PNdB  calculation  procedures.  The  I.C.A.O.  Document 
Annex  16  gives,  in  addition  to  noise  certification  information,  recommended  methods  and  procedures  for 
monitoring  aircraft  noise  and  for  calculation  of  approximate  aircraft  noise  units. 
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COMPARISON  OF  SALIENT  F.A.A.  AND  I.C.A.O.  CERTIFICATION  RULES 


FEATURE 

FAR  Part  36 

I.C.A.O.  Annex  16 

APPLICABILITY  (AS  AT  JANUARY 
1976) 

All  new  aircraft  types  over  5700  Kg 
weight,  excepting  supersonic  transports 
(SST)  and  short  take-off  and  landing 
aircraft  (STOL) 

As  FAR  Part  36 

FUTURE  PLANNED  APPLICABILITY 

Older  types  of  aircraft  with  engines 
of  by-pass  ratio  less  than  2 still 
operational.  SST  and  STOL  types. 

As  FAR  Part  36  (but  not  to 
declared  timetable  of 
introduction) . 

MEASUREMENT  POINTS: 

TAKE-OFF  (FLYOVER) 

3.5  nm  from  start  of  Take-off-Roll 
along  extended  runway  centreline 

As  FAR  Part  36  (but  defined  as 
6500  metres  from  Start  of  Roll). 

TAKE-OFF  (SIDELINE) 

On  a line  parallel  with  runway 
centreline  (extended)  and  0.25  nm 
to  the  side  for  the  aircraft  with  two 
engines  and  more  than  two  engines 
respectively. 

As  FAR  Part  36  3.5nm  point  for 
all  aircraft  (but  defined  as  at 
650  metres) . 

APPROACH  (FLYOVER) 

1 nautical  mile  from  threshold  ex- 
tended runway  centreline 

At  point  on  the  ground  on  ex- 
tended runway  line  120  metres 
(394  ft)  below  glide  path  of  3° 
slope  originating  from  a point 
300  metres  (984  ft)  beyond 
threshold  - equivalent  to  1.08nm 
on  level  ground. 

MAXIMUM  PERMITTED  LEVELS: 

TAKE-OFF  (FLYOVER) 

108  EPNdB  for  weights  of  600,000  lbs 
or  more,  less  5 EPNdB  per  halving  of 
weight  from  600,000  lbs  down  to  75,000 
lbs  and  under. 

108  at  27,200  Kg  (599660  lbs) 
less  5 EPNdB  per  halving  down  to 
93  EPNdB  at  34,000  Kg  (74960  lbs) 
(almost  identical  to  FAR  pt  36). 

TAKE-OFF  (SIDELINE) 

108  EPN^J  for  weights  of  600,000  lbs 
or  more,  less  2 EPNdB  per  halving  of 
weight  from  600,000  lbs  down  to  75,000 
lbs  and  under. 

Weights  defined  as  above,  but 
otherwise  as  FAR  Part  36. 

APPROACH  (FLYOVER) 

As  TAKE-OFF  (SIDELINE) 

As  TAKE-OFF (SIDELINE) 

TRADE-OFFS  AGAINST  EXCESSES 

Total  of  excesses  not  greater  than 
3 EPNdB. No  one  excess  greater  than 

2 EPNdB.  All  excesses  are  offset  by 
reductions  at  other  points. 

Total  of  excesses  not  greater 
than  4 EPNdB.  No  one  excess 
greater  than  3 EPNdB. 

All  excesses  are  offset  by  re- 
ductions at  other  points. 

STANDARD  ATMOSPHERIC 
CONDITIONS  - MEASUREMENTS: 

RAIN  OR  OTHER  PRECIPITATION 

None 

As  FAR  Pt.  36 

RELATIVE  HUMIDITY 

Not  above  90%  or  below  30% 

As  FAR  Pt.  36 

AMBIENT  TEMPERATURE 

Not  above  ISA  ♦ 15°C  at  lOmetres 
above  ground 

Not  above  30°C  (ISA  + 15°C)  or 
below  2°C  (ISA  - 13°C)  at  10 
metres 

AIRPORT  REPORTED  WIND 

Not  above  10  kts  at  10  metres  above 
ground 

As  FAR  Pt.  36 

TEMPERATURE  INVERSIONS 
AND  ANOMALOUS  WIND  CON- 
DITIONS AFFECTING  NOISE 

None 

As  FAR  Pt.  36 

TERRAIN 

Relatively  flat*  no  excessive  absorp- 
tion characteristics.  No  obstructions 
influencing  noise  within  cone  75° 
half  angle  of  vertical. 

MAXIMUM  MEASUREMENT  POINT 
ALTITUDE  DIFFERENCE  FROM  NEAREST 
RUNWAY  POINT  WITHOUT  CORRECTIONS 

20  ft. 

6 metres  (20  ft.) 
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TABLE  1 (CONTINUED) 


FEATURE 

FAR  Part  36 

I.A.C.O.  Annex  16 

MINIMUM  NUMBER  OF  NOISE  LEVELS 
TO  BE  AVERAGED  TO  PROVIDE 
CERTIFICATED  LEVELS 

6,  or  sufficient  additional  to  give  90 
percent  confidence  of  ♦ 1.5  dB 

As  FAR  Pt.  36 

OPERATIONAL:  APPROACH 

Glide  path  3°  ♦ 0.5  at  reference  speed 
over  measurement  point  and  continued 
to  normal  touchdown. 

As  FAR  Pt.  36  but  at  1.3  Va  ♦ 

10  kts,  speed  stabilised  over 
measurement  point  at  max  allow- 
able flap  settings. 

TAKE-OFF 

Take-off  power  to  at  least  1000'  Alt 
above  runway,  at  V2  ♦ 10  kts.  After 
1000’  Alt,  thrust  may  be  cut  to  climb 
of  at  least  6Z  gradient.  Take-off  flap 
to  be  used  throughout. 

Take-off  power  to  at  least  210m 
(700ft)  above  runway  at  V2  ♦ 

10  kts.  Thrust  may  be  cut  to 
climb  gradient  of  at  least  4Z 
Constant  take-off  configuration 
except  for  landing  gear. 

REFERENCE  CONDITIONS  TO 
WHICH  DATA  MUST  BE  CORRECTED 

Max  take-off  and  landing  weights  for 
which  certification  is  requested. 

As  FAR  Pt.  36 

Approach  at  3°  glide  slope  and  at 
370  ft.  above  approach  measuring 
point. 

As  FAR  Pt.  36  but  at  120m 
(394  ft)  above  approach  measur- 
ing station. 

Atmosphere  of  70Z  RH  at  temperature 
of  ISA  ♦ 10  C. 

Ambient  pressure  1013.25  mb 
Ambient  temperature  of  25°C 
(ISA  + 10°C). 

Relative  humidity  70Z  zero 
wind. 

MAXIMUM  ALLOWABLE  CORRECTIONS 
TO  NOISE  DATA 

FOR  WEIGHT 

TO  SPL  (1/3  octave)  FOR 
AIRCRAFT  NOT  ABOVE  MEASURING 
POINT  ON  TAKE  OFF,  OR  HEIGHT 
AND  POSITION  ERROR  ON  APPROACH 

2 EPNdB  at  Take-off 
1 EPNdB  at  Approach 

3 dB 

2 EPNdB 
2 EPNdB 

FOR  NOISE  NOT  lOdB  ABOVE 
BACKGROUND  LEVELS 

Approved  Corrections 

As  FAR  Pt.  36 

DIFFERENCES  BETWEEN  MEASURED 
EPNL  AND  CORRECTED  TO  REF. 
CONDITIONS  EPNL 

— 

Maximum  of  15  EPNdB  allowed 
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COMPARISON  OF  SALIENT  INSTRUM  NT AT ION  AND  MEASUREMENT  REQUIREMENTS  FOR 
AIRCRAFT  NOISE  CERTIFICATION 


FAR  Part  36 


I.C.A.O.  Annex  16 


COMBINED  EQUIPMENT  CALIBRATION 

COMBINED  EQUIPMENT  RESPONSE 
OF  AXIS  MICROPHONE  RESPONSE 


♦ ldB  45  - 11200  Hz  (on  axis  of  cal- 
ibration of  microphone) 

£ 3dB  45  - 11200  Hz 

♦ ldB  below  1000  Hz,  £ 2dB  1000  Hz 
to  4000  Hz,  and  ♦ 4dB~4000  Hz  to 
11200  Hz 


Complete  recorded  time  history 
to  be  retained.  Equipment 
characteristics  to  conform 
to  IEC  179  and  IEC  225,  over 
range  45  - 11200  Hz 


DYNAMIC  RESPONSE  OF  READ  OUT 
DEVICES  AND  ASSOCIATED  AMP- 
LIFIER/DETECTOR SYSTEMS 


80  - 100  mSecs/equivalent  to  level 

recorder  and  50dB  log  potentiometer, 
writing  speed  16  dB/sec  ♦ 10  Hz  pen 
lower  limiting  frequency 


Bandwidth  x sample  time  at  least 
10,  with  max.  sample  time  1 sec. 


24  x 1/3  octave  filters  (50  Hz 
to  10kHz  geometric  mean  fre- 
quency) with  squared  outputs, 
averaged  or  integrated  and  con- 
verted to  log  units.  Crest 
factor  capacity  of  3 and  give 
£ ldB  tolerance  of  true  RMS  in 
each  of  the  24  bands.  (If  non- 
true  RMS  device,  calibrate  using 
time  varying  non  sinusoidal 
signals.)  Analyser  dynamic  re- 
sponse to  inputs  at  full  scale 
and  20dB  below  full  scale  to  be 
4dB  ♦ ldB  less  than  for  steady 
state  equivalent  when  a sinusoidal 
pulse  of  0.5  secs  duration  applied 
at  input  each  1/3  octave  band 
frequency.  Max  value  to  exceed 
final  steady  state  value  by  0.5 
£ 0.5  dB  when  sinusoidal  input  at 
each  1/3  octave  frequency  suddenly 
applied  and  held  constant. 

Analyser  amplitude  resolution 
0.5dB  or  less.  Outputs  £ l.OdB 
re  input  levels  after  all  system- 
atic corrections  (£  3dB  total 
systematic  error).  Adjacent  filter 
systematic  error  not  above  4dB 
for  contiguous  filters.  Dynamic 
Range  at  least  45  dB. 

0.5  sec  intervals  £ 0.01  secs,  all 
1/3  octave  values  within  50m  secs 
period  omitting  no  more  than 
5m  secs. 


CALIBRATION 


MICROPHONE  ORIENTATION 


In  accordance  with  approved  practices 
corrected  for  windshields-  Acoustic 
cal  immediately  before  and  after 
each  aircraft  noise  recording. 

Grazing  incidence  to  flyovers  and 
sidelin  flyby. 


Windshield  to  be  used  above  6 kts 
and  data  corrected  accordingly. 

As  FAR  Pt.  36. 


Corresponding  direction  to 
calibration  at  time  of  arrival 
of  maximum  sound. 
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fig.  1 Noise  variation  due  to  atmospheric  conditions 
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Cutback  thrust  allowed  to  6%  climb  gradient 
above  1,000ft.  Altitude,  77°F,  sea  level. 


REFERENCE  POINTS 


Effective 
perceived 
noise  level 
(EPNdB) 


Maximum  take-off  weight  (1,0001b) 


LEVELS  RULE  FOR  NEW  AIRCRAFT 


Fig.3  Aircraft  noise  certification  (FAA) 
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RESUME 

Les  dtudes  de  bruit  de  turbor4acteurs  conduisent  a devel->pper  des  techniques  porticulieres  de  mesure 
et  de  traitement  du  signal.  Quelques-unes  de  ces  techniques  sont  presentees  et  concernent  plus  sp4ciale- 
ment  le  sondage  du  milieu  source  de  bruit  ainsi  que  celui  du  champ  de  pression  proche  et  lointain.  Elle3 
conduisent  le  plus  generalement  a caract4riser  le  milieu  source  et  a f >urnir  une  distribution  virtuelle  de 
sources  de  bruit.  Dans  de  rares  cas  elles  conduisent  a une  distribution  reelle  des  sources  de  bruit. 


1 . INTRODUCTION 

Dans  leurs  fagons  d'etre  menses,  les  etudes  de  bruits  d'or.  rodynamique  ont  fortement  4volu4 

au  cours  de  ces  deux  derni&res  d4cennies  du  fait  de  1' augmentation  ut  . . variete  des  aerodynes  liee  a une 
forte  croissance  du  trafic,  et,  surtout,  sous  1' impulsion  d'une  raise  en  application  de  reglements  interna- 
tionaux  de  nuisance  ac>ustique  (certification  acoustique). 

Plus  particuliferement , Involution  den  etudes  experimentales  est  comparable  a 1 'evolution  des  obser- 
vations d'un  promeneur  face  k une  chatne  de  montagnes,  qui  de  tres  loin  ne  voit  qu'une  ligne  de  crates  et 
qui,  au  fur  et  k mesure  qu'il  approche,  peut,  a loisir  contempler  plus  de  details  ...  au  risque  d'en 
oublier  la  vue  d' ensemble. 

II  y a une,  voire  deux  d4cennies , les  ytudes  experimentales  d'aero-acous tique  sur  le  bruit  consis- 
taient  principalement  en  des  mesures,  au  piint  fixe,  de  "directivity  (Evolution,  dans  le  champ  liintain, 
de  1' intensity  sonore  I en  function  de  1' angle  0 que  forme  la  direction  d'observation  avec  l'axe  du  mo- 
teur),  et  en  des  mesures  de  bruit  en  survols  dans  des  conditions  proches  de  celles  de  la  certification 
acoustique.  Les  informations  deduites  de  ces  mesures  ont  permis,  en  particulier,  de  raettre  au  point  des 
formulations  previeionnelles  indispensables  aux  constructeurs  pour  connaitre  la  position  des  differentes 
genyrations  d'ayrodynes  (et  de  moteurs)  par  rapport  aux  normes. 

Ces  ytudes  expyrimentales , premiere  approche  (figure  i),  correspondent  a un  constat  global  du  rayin- 
nement  ac  mstique  du  moteur  en  fonction  des  conditions  generatrices  moyennes  et  globales.  Cette  premiere 
approche  est  reprysentative  de  1' esprit  avec  lequel  les  travaux  theoriques  etaient  alors  menes  [l],  [2], 
[3],  Far  exenple,  dans  le  cas  de  jets  subsoniques,  les  grandeurs  caracteristiques  de  turbulence  necessaires 
k la  prevision  acoustique  sont  d4finies  k l'echelle  du  volume  source. 

En  effet,  on  considfcre,  dans  ces  modeles  theoriques,  sur  1' ensemble  du  volume  du  jet  libre,  une  va- 
leur  unique  de  vitesse  de  convection,  d'echelle  integrals  des  longueurs  ou  des  temps,  et  une  valeur  unique 
de  1' intensity  de  turbulence.  Les  lois  ph4nomenologiquen  devolution  du  champ  sonore  lointain  ainsi  calcu- 
14  sont  "raisonnableraent"  repr4sentatives  de  la  realit4  ([4]  par  exemple),  a des  constantes  empiriques 
prfcs,  deduites  d'essais  statiques  ou  de  survols. 

De  cette  approche,  il  a ete  possible  de  deduire  des  varietes  de  silencieux  et  de  moteurs,  basses  sur 
des  cons id4rat ions  globales,  att4nuant  les  nuisances  acou3tiqueo  sans  trop  diminuer  les  performances  roo- 
teurs.  Citons  par  exemple  : 

- les  silencieux  multitubes  : rejet  dans  le  domains  des  hautes  fr4quenceo,  fortement  absorbees  par  1' atmos- 
phere, des  fr4quences  caractdristiques  de  turbulence  ; 

- lea  moteurs  double  flux  : diminution  des  effets  de  cisaillement  den  termes  fluctuants 


Rapidement  les  limites  de  cette  premiere  approche  sont  apparus, on  particulier  1 ' impossibility  de  loca- 
liser  left  zones  leB  plus  yminsives  du  iet  libre.  Aussi,  un  effort  tres  important  a 4te  fourni  dans  de  nom- 
breux  laboratoires , dont  l'ONERA  [5],  [6]  pour  developper  une  seconde  approche  (figure  l).  Celle-ci  consists 
en  une  caract4risation  locale  du  milieu  source  de  bruit  dans  le  but  d'en  deduire  le  rayonnement  acoustique 
k partir  de  modules  th4oriques  et,  r4ciproquement,  de  pouvoir  detecter,  de  l'exterieur  du  v>lume  source,  le 
rayonnement  acoustique  de  diff4rents  414ments  de  la  source  de  bruit. 

Une  telle  approche  n4c9ssite  des  moyens  de  Bondage  du  volume  source,  u la  peripheric,  dans  s >n  voisi- 
nage  proche  et  lointain, auxquels  il  faut  adjoindre  des  moyens  particulars  do  traitement  du  signal,  sans 
oublier  des  developpements  th4oriques  complementaires  ou  diff4rents  des  pr4cedents. 
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Certain3  aspects  de  cos  problbmcs  de  me3ure  ct  de  traitemont  du  signal  seront  examines.  Au  prea- 
mble, et  afin  de  bien  imaginer  les  difficultes  auxquelles  les  etudes  exptfrimentales  ne  confrontent,  nous 
rappel lerons  quelques  concepts  th^oriques  en  renvoyant  le  lecteur  aux  exposes  th^oriquee  [7]  de  cette  ee- 
rie de  conferences  n®  00  de  l’AGAKD. 


2.  RAFPEL3  D' ELEMENTS  DE  THEORIES 
2.1  . Approches  theorigue.^  classiquen 


Suivant  l'analogie  de  Lighthill,  1' Equation  inhomogene  des  ondes  qui  representent  les  fluctuations 
locales  de  l'ocouleroent  d'un  jet  libre  en  I' absence  de  parois  et  d' injection  de  matiere,  se  d4duit  des 
equations  de  conservation  de  la  masse  (equation  de  continuity)  et  de  la  quantity  de  mouvement.  Toutes 
transformations  effectuees,  cette  equation  s'ecrit  : 


(i) 


_ cl  = WT, 


ou  f eat  la  density  ; la  eeiyrite  du  son  en  milieu  homogfcne  inf ini,  et^  T;  pnrfois  appel4  ten- 

seur  de  Lighthill ;est  egal  a s 


(2) 


= f 7xT_  c ^ ( p-c^j)  ^ 


v \r  est  le  tenseur  de  Reynolds, 

le  tenseur  de3  c intraintes  visqueuses/ 
p la  pression, 

^le  tenseur  unite  d'ordre  deux. 


Formellement , par  applicati >n  du  theoreme  de  Kirchhoff  [8],  ou  par  double  application  de  la  formula 
d'Ostrogradski,  la  solution  de  1* equation  (l)  calculee  en  tout  point  5^  du  champ  lointain  est  de  la 
forme  : 


f(X't)  ~ ^ 4T rcj;  x* 


■Ji1 


t 3 


j ^V(r) 

ou  bien,  en  adoptant,  dans  le  champ  acoustique  lointain  (hors  du  volume  source  ) ),  l'hypothese  de 

l'acoustique  lineaire  s 

p (&,*)  * c^f  (X'tJ  , 


(3) 


(4) 


L/J 


**  J I DV 

-sviv) 


pj- 


nDliq 

sion  lineaire  du  volume  source)), 

' /\ 

t represente  le  temps  retarde  egal  au  temps  d' emission  t 
diminue  du  temps  de  pare ^urs  de  1* information  qui  s%ecrit  en  milieu  froid,  homogene,  en  l’absence  de  Vi- 
tesse d ' entratnement  : f 5c*  — £*/ 


De  cette  expression  (4)  on  peut  deduire  t >utes  les  grandeurs  caracteristiques  du  champ  s more  loin- 
tain, a savoir  : le  spectre  et  1' intensity  sonore.  Pour  cela,  calculons  la  function  d * autocorrelation 
P(£z)  du  champ  de  press  ion  moyenne  : 


(5)  P (£,*)*<  = 


pV) 

pH 

pH 

■ dll'**  " 


>« J 01  3, 


ou  < y represente  la  vnleur  moyenne  nur  les  temps 
ct  £ le  retard  incremental  de  la  correlation. 


De  cette  relation  on  ddduit,  en  tout  point  x du  champ  lointain  ; 

- le  3pectre  acoustique,  a partir  de  la  transformee  de  Fourier,  de  la  fonction  d'autocorrelation 

P( j?,  <~o)  = f Cos  cot  ^ 

1 ' f—  c*> 


- 1' intensity  sonore 


j -> 


2b, 
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On  peut  arriver  k une  forme  plus  simple  de  (5)  en  supposant  que  le  milieu  source  eat  stationnaire  t 

V 


(6) 


< 


[JLlli  >=^pr^Jki 

L 1 f \i<  J£'U 


(oil  n'est  plus  fonction  que  de  la  difference  des  temps  de  parcours  des  informations  de  tous  points 

J 'et^'Mu  volume  source  au  point  d* observation  sc  )• 

Avec  cette  hypothkse,  k £ represente  la  fonction  de  correlation  du  milieu.  En  donnant  une  forme 
particulikre  k cette  f->nction  de  correlation  (forme  gaussienne)  on  aboutit  aux  formulations  previsionnelles 
classiques  [2],  [3]. 

2.1 .1 . Alternative 

La  relation  (4)  permet  d'exprimer  le  champ  de  pression  acoustique  en  fonction  d'une  int^grale  de  vo- 
lume sur  la  source  representee  par  la  double  divergence  d'un  tenseur.  Par  application  du  th^oreme  de  la 
divergence,  on  peut  passer  d'une  integrals  de  volume  k une  integrals  de  surface  [lO],  [ll]  s 


(7)  / V . A d.  y _ / ^.A  cL  S 

vif)  _ 

ou  5 eet  une  surface,  par  exemple  les  limitea  du  volume  source  VY  5*  ) y 'yT,  la  normals  sortante  a 
cette  surface,  et  un  vecteur  quelconque. 

Dans  le  cas  ou  des  surfaces  mat^rielles  existent  r^ellement  (interactions  ecoulements-prof ils  : 
bruit  des  machines  tournantes,  bruit  des  fuselages  et  des  ailes  ...),  la  relation  (7)  est  clairement  defi- 
nie  ([12]  k [16]  par  exemple). 

Dans  le  cas  de  jets  libre3  on  peut  consid£rer([l 7] , [l8])une  surface  fictive  (ou  surface  de  contrdle) 
entourant  le  jet  et  definir  le  champ  acoustique  lointain  k partir  d'une  distribution  sur  cette  surface  et 
ainsi  passer  de  relations  volumiques  (done  tridimensionnelles)  k des  relations  surfaciques  (done  bidimen- 
sionnelles)  : 


(8) 


f d 

r ^prr,fc)' 

4?) 

" D ^ 

d S, 


oil  S est  la  surface  fictive  entourant  le  jet  libre.  (Cette  surface  sera  definie  k une  dimension  suffisante 
du  jet  libre  afin  que  les  termes  de  champ  proche  soient  negligeables )y 


et  rr\-  est  la  normale  k cette  surface. 
Avec  ce  formalisme  : 


(9)  < 


/iPr3V) 
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La  relation  (9)  est  a rapprocher  de  la  relation  (5),  et,  de  mfime,  on  definit  la  fonction  de  correla- 
tion de  la  surface  fictive,  cette  fonction  4 tan t,  par  le  biais  du  theorkme  de  la  divergence,  representative 
de  la  fonction  de  correlation  du  milieu  source. 


2.1.2.  Crandeurs  representatives 


2. 1.2.1.  Au  3‘'na  de  ^ 


Le  champ  acoustique  lointain  eat  caracterise  en  tout  point  DC  par  le  niveau  global  I (intensity 
sonore)  et  le  spectre.  En  fonction  de  1* angle  0 (angle  forme  par  l'axe  de  la  source  et  la  direction  d'ob- 
servation)  et  a R » | oc- J [ grand  et  fixe,  I » if  ( & represente  la  directivite  de  la  source  avec 


:p»  (*»,*;> 


(ondes  planes  en  champ  lointain). 


Le  champ  de  pression  instationnaire  proche  a une  structure  d' on-ies  non  forcement  planes  ; la  detection 
de  la  structure  spatio-temporelle  de  ce  champ  sera  explicite»au  paragraphe  traitement  du  signal.  Dans  ce 
cas,  l'intensite  sonore  n'est  plus  directement  deduite  de  la  valeur  quadratique  moyenne  de  la  pression,  mais 
so  calcule  k partir  de  la  densite  de  flux  d'energie  definie  dans  la  direction  considers.  Plus  specialement, 
lorsque  l'on  utilise  le  formalisms  de  "la  surface  de  controls"  (ou  surface  fictive)  la  grandeur  phyBique  qui 
intervient  directement  est  la  densite  de  flux  d'energie  normale  k 1' element  de  surface  considers. 


Dans  le  cas  d ' ecoulements  libres  la  situation  est  infiniment  plus  complexe.  Peut-fctre  que  1' ideal  se- 
rait  de  dir  poser  d'un  traceur  de  pression  utilisable  du  sein  de  l'ecoulement  au  champ  sonore  lointain. 

Ainsi,  et  de  raftme  que  pour  le  calcul,  en  champ  lointain,  du  rayonnement  acoustique  d'une  antenne 
^mettrice  d'ondes  sonores  (sonars  par  exemple  [l9])»  on  pourrait  deduire  du  champ  de  pression  instation- 
naire,  manure  en  amplitude  et  phase  dans  le  volume  source, le  champ  acoustique  rayonne.  Ce  point  de  vue,  appa- 
r**mment  en  contradiction  avec  l'analogie  de  llgh thill ^est  en  fait  compiementaire  et  rejoint  l"'approche 
modale"  que  l'on  rappellera  au  iparagraphe  2.2. 
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2. 1.2. 2.  Au  aenfl  du  traitement  du  signal 
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Lea  grandeurs  repr^aentativea  du  rayonnement  acoustique  en  champ  lointain  au  sens  du  traitement  du 
signal  so  d^duiaent  dlrectoment  du  formallsme  math^matique  pr^aent^  au  paragraph®  2.1# 

En  effet,  dans  le  cas  de  Jets  librea  chauda  r4els,  la  function  de  correlation  du  milieu 
aoua  1'hypothAae  de  ce  que  le  milieu  oat  a tationnaire  au  sena  atatistique  (c 'eat-a-dire  inddpendant  de 
1' origins  dea  tempo),  depend  : du  profil  doa  grandeurs  moyennea  (vitease,  temperature)  couple  aux  fluc- 
tuations de  vi tease,  de  temperature  et  de  debit-maase,  des  momenta  de  tout  ordre  dea  grandeurs  fluctuantea 
dans  la  meaure  ou  l'hypothfcae  gauaaienne  n'eat  paa  aatiafaite  [20].  De  ce  fait,  une  description  spatio- 
temporelle  exp^rimentale  du  champ  turbulent  eat  une  oeuvre  immense  dans  la  meaure  ou  aucun  fil  directeur 
th6->rique  ne  permet  d'dtablir  une  hiArarchl  • entre  lea  diff«$rentea  grandeurs  mines  en  cause. 

La  r^ference[2l]  eat  un  exemple  de  travail  thdorique  effectu^  dans  ce  sens,  il  a l'avantage  de  mon- 
trer  l'ampleur  des  difficult*^  rencontres. 

Ce  que  l'on  peut  en  ddduire  est  la  n^ceaait4  do  d^velopper  dea  m4thodea  de  diagnostic  et  de  trai- 
tement du  signal  permettant  de  d^finir  localement,  en  plus  des  grandeurs  moyennea  des  echelles  de  lon- 
gueurs, de  dur^e  de  vie,  dea  viteaaea  de  convection,  dea  intenaitda  de  turbulence. 

Une  premiere  approche  a consist^  a doduire  cea  grandeurs  de  correlations  apatio-temporollea . 

Conaiderona  une  information  locale  /t)  manures  a l'aide  d'un  moyen  appropriy.  Prenons  A titre 

d'exemple  le  fil  chaud  utilise  dana  un  Jet  froid  de  vitesae  "raisonnable"  afin  que  lea  effets  de  compres- 
sibility silent  negligeablea. 

Dans  ce  caa  simplify,  le  tenaeur  ~T  a pour  composante  ^ . Une  description 

du  champ  turbulent  ae  deduit  de  correlations  spatio-temporelles . Dans  l'espace  cartesian  on  obtient  un 
coefficient  de  correlation  en  formant  : 


(10) 
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- l'4chelle  int^grale  dea  temps 

(12) 


(La  relation  ( 1 0 ) eat  4crite  pour  la  composante  3C  et  suppose  ^ et ^ fix^es.  II  sera,  dans  le  cas  g6n6- 
ral,  nycesaaire  de  conaiderer  les  autres  composantes) . Rappelons  que,  de  ces  families  de  coefficient,  on 
d4duit  : 

- lMchelle  int^grale  des  longueurs  par  exemple  : 

0"  = f~C„  (i,o)cL-i/ 

CS-=»  ^ 

= I ( X / par  exemple 

''c? 

ou  "&M  est  l'abaciase  du  maximum  de  c-t(bTJ  et  l'ordonnee.  In  Vitesse  de  convection 

est  donn^e  par  la  pente  de  la  droite  "5  - ^ (^)  * 

Ces  grandeurs  ne  aont  representatives  que  de  moments  d' ordre  deux. 

On  ae  doit  de  remarquer  que  : 

- lea  intygrales  ( 1 1 ) et  ( 1 2 ) ne  sont  correctement  definies  que  si  les  coefficients  de  correlation 
aont  "raiaonnablement"  monotones  , 

- le  r^sultat  de  ces  Integra lea  a un  sens  de  valeur  moyenne  sur  1' ensemble  du  spectre  caractyri- 
aant  l'y  lenient  de  volume  dytecty  ; 

par  dAfinition  ce  aont  dea  ychellea  intygralea.  Elies  ont  done  le  dyfaut  d'accorder  le  m^me  poids 
dana  l'espace  comme  dans  le  tempo  k chaque  paquet  d'ondes  eiyraentaire. 

Pour  pa llie r ce  defaut,  deux  techniques  de  traitement  du  signal  sont  utilisables  s 

- la  premiere  consiste  A effectuer  dea  corryiations  aur  dea  signaux  filtrya, 

- In  aeconde  consiste  A se  placer  dans  l'espace  de  Fourier  et  k deduire  du  module  deB  inter-spectrea  dea 
ychellea  de  longueurs  par  bandes  de  fryquence  et  de  la  phase  les  vitessea  de  convection  de  ces  bandes  de 
fryquence  [22]. 

Dana  le  caa  des  corryiations  apatio-temporelles  tout  se  passe  comme  ai  le  Jet  libre  e3t  dycomposy 
en  yiymenta  de  volume  disjoints  dont  les  dimensions  aont  dyfinies  par  lea  ychellea  intygralea.  Dana  l'ee- 
pace  de  Fourier,  des  yiementa  de  volume  voiains  ont  une  intersection  non  forcyment  vide  car  de  dimensions 
fonctiona  de  la  bande  de  fryquence  conaidyrye. 

Cea  c onaidyrationa  ne  aont  pas  rasaurantea  pour  1' expyrimentateur  et  de  nombrousea  questions  ae 
posent,  tel lea  que  i 


j »N 


- quelle  ©9t  la  resolution  spatiale  la  mieux  ndaptEe  pour  doa  interprEtationsacous tiques, 

- quelle  eat  la  method®  de  mesure  et  de  traitement  du  signal  la  plus  representative  dea  sources 
de  bruit. 

Le  formali8me  thE^ique  que  nous  venons  d'introduire  repose  sur  1 'analogic  de  Lighthill  basEe  sur 
une  Equation  inhomogkne  dee  ondes  deduites  des  Equations  de  conservation  de  la  mEcanique  des  milieux  con- 
tinue. 


Avant  de  passer  k une  presentation  de  moyens  de  diagnostics  et  de  traitement  du  signal,  nous  men- 
tionnerons  rapide..ent  deux  autres  formallsmes  thEoriques. 

2.2.  Approche  modale 

B.T.  CHU  et  Leslie  S.G.  KOVASZNAY  [23]  ont  propose  une  approche  basEe  sur  un  concept  d' interactions 
non  linEaires.  Pour  ce  faire,  ces  auteurs  utilisent  un  thEoreme  bien  connu  qui  permet  de  decomposer  tout 
champ  de  vecteurs  en  composantes  rotationnelles  et  en  composantes  irrotationnelleo.  En  particulier,  le 
champ  de  vitesse  ir  ae  decompose  en 

rot.  tel  que  _J7^rot.  " 0 

et  9n  ^irrot.  tel  ^ * lfirrot.  =0 

De  ce  fait  s 

- la  turbulence  cinema tique  est  rattachEe  aux  composantes  de  ^ 

- les  fluctuations  d'entropie  et  de  compresnibilite  sont  rattachEes  toutes  deux  k * 

Les  Equations  de  base  Etant  essentiellSment  non  linEaires,  il  est  alors  possible  de  mettre  en  Evi- 
dence des  couplages  entre  trois  modes  ElEmentaires  : cinEmatique,  entropique  (ou  thermique),  sonore,  et, 
en  ordre  de  grandeur,  il  est  alors  possible  d'Etablir  une  hiErarchie  entre  les  diffErents  termes  de  cou- 
ple ge. 


La  prise  en  compte,  dans  ce  formalisms,  des  interactions  entre  grandeurs  fluctuantes  et  grandeurs 
moyennes  conduit  a des  calculs  trks  complexes. 


2.3.  HEcanismes  d ' ins tabilitE 

Les  approches  thEoriques  des  paragraphes  2.1  et  2.2  supposent  des  propriEtEs  statistiques  du  mE- 
lange  turbulent  du  Jet  libre  sans  tenir  compte  d'Eventuelles  structures  quasi-rEcurrentes.  Des  expEriences 
de  CROW  et  CHAMPAGNE  [24]  sur  l'excitation  d'un  Jet  libre  par  un  champ  ac >ustique  ont  permis  de  dEgager 
une  notion  de  structure  k grande  Echelle  dans  la  zone  de  mElange  de  Jets  froids.  De  nombreuses  Etudes  ont 
permis  de  prEciser  que,  pour  un  Jet  non  excitE,  cette  structure  existait  et  qu'elle  Etait  liEe  au  passage 
de  tourbillons  de  grande  dimension  qui  se  dEtachent  de  la  region  avoisinnant  la  sortie  de  tuykre  [25]. 

A.  MICHALKE  [26]  a dEmontrE  que  ces  structures  peuvent  Stre  dEcrites  par  un  modEle  thEorique  basE 
sur  le  calcul  de  1' instabilitE  spatiale  de  la  couche  limite  turbulente.  Ces  instabilitEs  sont  reprEBentEes 
par  des  solutions  pEriodiques  . 

p(jc,r,  i^t)  = F(r)  otx-'rmtf) 


d'une  Equation  aux  petites  perturbations  de  la  forme  i 


p f p V 

Pt  [ Dtl 


-a  ter) 


aVU. 


S -3C 


Une  Etude  numErique  de  ce  type  d' Equation  etendue  au  cas  de  Jets  chauds  a EtE  effectuEe[27]  et  met 
en  Evidence  1' existence  de  modes  complexes  ( /m  O ) dont  1'efficacitE  sonore  dans  le  champ  acoustique 
lointain  Etait  thEoriquement  contestEe  mais  a EtE  expErimentalement  dEmontrEe  [27],  [28],  ce  que  nous 
verrons  par  la  suite. 

2.4.  Ensemble  des  grandeurs  representatives  du  champ  sonore  lointain 

Compte  tenu  des  diffErents  rappels  d'ElEments  de  thEories  prEsentEs  dans  ce  paragraphs  on  imagine 
la  difficultE  que  peut  avoir  l'expErimentateur  k dEfinir  les  moyens  expErinentaux  les  mieux  adaptEs  k la 
caractErisation  des  sources  sonores.  De  faqon  schEmatique  on  peut  presenter  cet  ensemble  de  grandeurs  ca- 
ractEristiquss,  en  fonction  de  choix  d'objectifs,  de  la  fapon  suivante  : 

- sondage  du  volume  source  dans  le  but  de  mettre  en  Evidence  les  grandeurs  les  plus  fortement  corrElEes  k 
1' Emission  acoustique  but  la  base  de  modElisation  thEorique  | 

- sondage  du  champ  proche  pour  i soit  dEfinir  une  distribution  Equivalents  de  sources  sonores  sur  une  sur- 
face de  controls,  soit  prEciser  1* object if  prEcEdent  j 

- sondage  du  champ  lointain  avec  le  souci  d'imaginer  des  dispositifs  permettant  de  dEfinir  une  distribu- 
_ tion  virtuelle  de  sources  sonores  Equivalentes  k la  distribution  rEelle,  quant  k ses  consEquences  j 

- enfin,  effectuer  une  combinaison  de  ces  trois  types  de  sondage  dans  le  but  de  passer  d*une  distribution 
virtuelle  de  sources  k une  distribution  rEelle. 
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Dans  le  paragraphe  suivant  nous  allons  eaaayer  de  montrer  sur  des  examples  c increts  lea  efforts  qui 
aint  realises  dana  ce  sens. 

3.  QUELQUES  MO YE NS  DE  DIAGNOSTIC 

Avant  de  presenter  quelquea  moyens  de  diagnostics,  precisons  dans  quelles  conditions  ils  doivent 
4tre  utilises,  c'est-k-dire  dans  quels  moyens  d'essais. 

Nous  nous  limitons  au  cas  des  Etudes  de  bruit  de  jets.  Celles-ci  peuvent  8tre  effectudes  lors 
d'essais  en  vol  a l'aide  de  microphones  au  sol.  Elies  peuvent  egalement  £tre  effectudes  sur  moteur  rdel, 
au  banc  d'essais  statiques  ou  en  translation  (k  l'aide  de  l'Adrotrain  de  la  Socidtd  Bertin  par  exemple 
[29]),,  ou  encore  en  aoufflerie  a veine  guidde. 

Nous  ne  traiterons  pas  ces  diffdrents  cas.  Nous  nous  attacherons  plutfit  k presenter  quelquea  moyens 
de  diagnostics  utilises  sur  des  bancs  d'essais  de  raaquettes  en  chambre  andcho’ique,  en  soufflerie  andcho'lque 
k veine  ouverte.  Ces  diffdrents  moyens  de  diagnostics  que  l'on  presenters  sont  d'ailleurs  le  plus  'souvent 
transposable3  au  cas  d'essais  k l'aide  de  moteurs  rdels  au  banc  statique,  voire  en  translation. 

De  plus  nous  ne  mentionnerons  pas  les  moyens  de  diagnostics  classiques  tels  que  fils  ou  films 
chauds,  strioscopie  k grand  champ,  ombroscopie;  ... 

3.1 • Sondage  de  jets  libres 

3.1.1.  Mesures  locales 

A part  les  ddveloppements  actuels  de  la  mesure  de  vitesse  (D.L.V.)  par  effet  Doppler  a l'aide  de 
vdlocimktre  laser  ([31 ] k [33]  et  [37],  par  exemple)  il  existe  peu  de  methodes  de  mesure  de  grandeurs 
fluctuantes  dont  on  soit  certain  de  la  resolution  spatiale. 

Dana  certains  cas  et  pour  des  jets  gendralement  de  faible  vitesse,  des  sondes  microphoniques  sont 
parfois  utilisdes  [35],  [36]. 

3.1.2.  Technique  de  faisceaux  croisea 

La  technique  de  faisceaux  croisds  est  utilisde  couramment  dans  diffdrents  cas  : 

- strioscopie  laser  [33],  [36] 

- mesure  de  1' absorption  infrarouge  [34] 

- mesure  de  1' Emission  infrarouge  [45]. 

Dans  le  cas  de  la  strioscopie  laser,  on  mesure  des  fluctuations  de  gradient  de  density.  Le  signal 
ddtectant  1' absorption,  dans  1' infrarouge,  d'un  signal  par  le  jet  est  fortement  fonction  de  la  concentra- 
tion de  l'espkce  chimique  choisie  et  depend  moins  fortement  de  la  temperature.  Le  signal  ddtectant  1'4- 
mission  infrarougs  propre  des  jets,  par  contre,  est  fortement  fonction  de  la  temperature,  et  depend  de  la 
concentration, 

Les  correlations  spatio-temporelles  bassos  sur  la  technique  des  faisceaux  croisds  sont  ddfinies 
dans  un  volume  d'interaction  des  faisceaux  dgal  a la  dimension  gdomdtrique  de  ces  faisceaux  dans  la  mesure 
ou  lea  informations  detectdes  le  long  du  trajet  optique  sont  inddpendantes. 

On  a vdrifid  [41  ] que  dans  le  cas  ou  une  structure  k grande  dchelle  (ddfinie  au  paragraphe  2.3)  co- 
existe  avec  la  turbulence  classique,  la  definition  spatiale  des  volumes  corrdles  est  mal  connue. 

Ndanmoins,  on  ddduit  de  ces  moyens  de  mesure,  des  dchelles  intdgrales  de  turbulence  comparables  k 
celles  obtenues  k l'aide  de  fils  chauds,  par  exemple. 

Des  tentatives  de  reconstitution  du  champ  sonore  k partir  de  ces  mesures  ont  dtd  effectudes  sur  la 
base  de  modkles  thdoriques  simplifies  [47], 

Ce  genre  d' exploitation  numdrique  des  rdsultats  de  mesure  de  grandeurs  de  turbulence  se  heurte  k 
des  difficulty  fondamentales  lides  au  parcours  des  poquets  d'ondes  de  l'dldment  de  volume  onsiddrd  dans 
le  jet  libre,  k la  position  de  1' observe teur,  du  fait  d'effets  de  convection  par  la  vitesse  moyenne,  de 
refraction  par  les  profile  des  grandeurs  moyennes  (vitesse,  temperature),  de  diffusion  par  la  turbulence 
du  milieu  et  d'un  glissement  Doppler  dans  la  combinaison  deux  k deux  de  "sources  elAmentaires"  (figure  2). 

3.2.  Spryiflgq  .flu  Pfg9ft? 

Le  Bondage  du  champ  de  pression  instationnaire  a dtd  effectud  suivant  deux  iddea  directrices. 

3.2.1.  Cgrrelptlpris  i,nfrarW.fle  - p^ryphymeB  [48] 

Le  but  de  ce  type  de  correlations  (dans  l'espace  cartdsien  comme  dans  l'espace  de  Fourier)  est  de 
prdciser  le  diagramne  de  directivity  de  l'dldment  de  volume  du  jet  libre,  Isold  par  le  moyen  de  mesure 
(figure  3)«  Dana  le  cas  des  correlations  entre  le  signal  d'dmission  Infrarouge  ddtectd  dans  le  jet  par  le 
radiomktre  et  les  signaux  des  microphones,  on  obtient  des  coefficients  de  coherence  pouvant  atteindre  0,5, 
ce  qui  represents  un  coefficient  de  forte  valeur  que  l'on  n'atteint  pas  avec  des  fils  chauds.  Ce  rdsultat 
fn  fait  n'est  pas  surprenant  car  le  signal  infrarouge  est  esoentiellement  dependant  des  fluctuations  ther- 
miques  elles-aftmes  fortement  corrdldes  (k  un  facteur  dimenslonnel  prks)  aux  fluctuations  de  pression.  Dans 
la  reference  [47]  on  trouvera  un  exemple  typique  d’ application,  couronnd  de  succks. 
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3.2.2.  Corr«Hationa  microphones  - mtcraphonea  dans  le  champ  proche  [37],  [38],  [28],  [}0],  [}6],  [38], 

[39],  [40],  [43],  [44]. 

Soit  k l'aide  de  lignes  raulti-microphoniques  placEes  parallklement  k l'axe  du  Jet  ou  de  la  fron- 
tiere  du  Jet,  k une  distance  radiale  de  l’ordre  de  quelqueo  diamktres,  aoit  k l'aide  de  microphones  places 
circonferentiellement  au  Jet,  cette  technique  a pour  but  de  definir  une  distribution  virtuelle  de  sources 
sonores  aur  une  surface  de  contrdle,  Equivalents  a la  distribution  rEelle  des  sources  dans  le  volume 
source. 

Un  des  rEsultats  des  plus  remarquables  de  cette  technique  [58],  [28]  est  1' identification  des  struc- 
tures k grande  echelle  avec  la  mesure  de  la  structure  azirautale  calculee  suivant  le  schema  theorique 
esquissE  en  2.3,  k l'aide  d'une  mEthode  dEfinie  dans  la  reference  [6]  de  [49]# 

3.3.  Sondage  k nartir  du  champ  lointain 

Les  m^thodes,  dans  ce  cas,  sont  basees  sur  1' utilisation  de  microphones  directifs  [34],  [42  , [44]. 
On  tr-»uve  deux  sortes  de  systkmes  j soit  un  microphone  placE  au  centre  d'un  miroir  cylindrique,  soit  un 
microphone  placE  au  foyer  d'un  miroir  de  forme  elliptique,  la  portion  du  Jet  k sonder  Etant  alors  placEe 
a 1' autre  foyer. 


Signalons  dans  ce  contexts  le  devel ippement,  a l'ONERA,  d'une  antenne  synthEtique  acoustique  bidi- 
mensior.nelle  [50]  dont  on  montre  un  exemple  d' application  sur  la  figure  4 : pour  4 bandes  de  frequences 
( tiers  d'octave  centrees  sur  0,5  ; 1 ; 1 ,6  ; 2 et  4 kHz)  on  a porte  la  distribution  axiale  de  l'amplitude, 
le  Jet  maquette  Etant  alors  a symEtrie  vie  revolution. 

Comme  nous  l'avons  dejk  mentionne,  ces  mEthodes  ne  fournissent  qu'une  distribution  virtuelle  de 
sources  sonores. 


3.4.  Technique  hvbride 

A l'ONERA,  des  essais  prooetteurs  sont  actuelleraent  effectues  pour  mesurer  directement  une  distri- 
bution de  sources  rEelles  [46],  c'est-a-dire  pour  chiffrer  directement  par  des  mesures  et  non  pao  par  de- 
duction, la  contribution  d'un  Element  de  volume  au  rayonnement  sonore  lointain,  dans  une  bande  de  frE- 
quences  donnees.  Pour  cela,  on  etudie  les  possibilitEs  d'application  de  l'echantillonnage  conditionnel. 
Pour  iliustrer  les  possibilitEs  d'application  de  cette  mEthode,  les  mesures  ont  EtE  effectuEes  dans  un  Jet 
libre  fro id  issu  d'une  tuykre  de  diamktre  D egal  k 3 cm,  la  vitesse  du  Jet  au  niveau  du  plan  de  sortie 
Etant  de  100  ms"^ . Deux  fils  chauds  sont  placEs  dans  le  Jet  libre,  l'un  F^  k la  limite  du  c3ne  potentiel 
(X/D  = 2,  Y/D  *L  0,3),  l'autre  F2  dans  la  zone  de  mElange  (X/D  = 2,  Y/D  = 0,5).  Un  microphone  K est  placE 
a X/D  28  et  Y/D  ^£15  soit  a R/D  ^ 32  et  © 28°  ( 9 reprEsente  1' angle  que  forme  l'axe  du  jet  et  la 

direction  d' observation) . Tout  autre  moyen  de  mesure  peut  3tre  employe  pour  prElever  1 ' information  dans  le 
Jet  (vEiocimEtrie  laser,  3trioscopie  laser,  emission  ou  absorption  infrarouge,  capteur  de  pression,  ...)  ; 
nous  avons  choisi  le  fil  chaud  pour  cette  premikre  application  a la  place  d'autres  diagnostics  usuellement 
utilises  au  laboratoire  du  fait  que  les  correlations  file  chnuds-microphones  (m£me  npi-ks  filtrage)  sont  le 
plus  gEnEralement  decevantes. 

Le  signal  de  F^  est  choisi  comme  signal  pilote.  Sa  fonction  essentielle  est  de  dEfinir  une  suite 
d' instants  a cheque  fois  que  le  signal  de  F^  a une  proprietE  d’amplitude  et  de  phase  prEchoisies.  A 
chacun  de  ces  instants  tj  une  porte  electnnique  de  largeur  T est  ouverte  ce  qui  dEfinit  un  "bloc"  et 
1 'acquisition  de3  signaux  de  F^  et  de  M et  du  produit  F ^ est  alors  effectuee.  Au  prEalable,  un  retard 
constant  est  appliquE  au  signal  de  F.  pour  tenir  compto  du  temps  de  parcours  de  1' information  de  1' empla- 
cement de  k celui  de  K.  Ce  retard  intervient  comme  parametre  dans  le  traitement  du  signal  puisque  la 
vitesse  relative  du  son  dans  le  milieu  est  variable. 

Sur  les  figures  5 et  6 sont  prEsentEs  des  exemples  typiques  de  la  forme  du  signal  ontenu  dans  un 

bloc  : 

Figure  5 : en  abscisse  : le  temps,  la  longueur  du  signal  eat  Egale  k T = 5,12  ms, 
en  ordonnee  : une  amplitude  arbitraire 

La  ourbe  5-a  est  relative  au  signal  de  F^ 

La  courbe  5-b  est  relative  a K. 

La  figure  6-a  reprEsente  le  signal  de  F^  et  la  figure  6-b  reprEsente  le  signal  de  M acquis  dans 
un  bloc  durant  le  temps  T « 0,64  ms. 

A portir  de  ces  acquisitions  on  peut  calculer  la  moyenne  d' ensemble  des  informations  contenues  dans 
chaque  bloc,  ainsi  que  la  sommo  de  ces  moyennes  d'ensemble. 

Sur  les  figures  7 et  8 on  presente  un  rEsultat  de  ce  calcul  : 


i 


^4 


- les  courbes  7-a  et  8-a  reprEsentent  la  sonme  des  moyennes  d'ensemble  dec  informations  relatives 

h r2, 

- les  courbes  7-b  et  8-b,  celles  relatives  k M, 

- les  courbes  7-c  et  8-c,  celles  du  produit  F^M. 

On  constate  que  les  courbes  7-a,  8-a,  7-b  et  8-b  sont  pratiquement  linEaires,  ce  qui  indique  simple- 
ment  que  le  nombre  de  points  acquis  est  representatif  du  phEnomkne  isole  dans  le  signal  par  les  choix 
effectuEs  sur  F^ • 
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Le  courbe  7-c,  qul  correspond  & T « 5.12  me,  eot  oBcllXante,  done  de  moyenne  qunel  nulle,  1* 
ourhe  8-c,  correspondent  XT®  0,64  mo,  eat  par  contre  aaaec  monotone  done  de  moyenne  aaaez  dlevde.  En 
unites  arbitrairee,  lee  resultate  dee  calcula  eont  resumes  dane  le  tableau  euivant  t 


T : dur4e  de 

l'acquisition 

(ms) 

Moyenne  d' ensemble 
sur  Fj 

Moyenne  d' ensemble 
sur  M 

Moyenne  d' ensemble 
sur  F^M 

Carre  du  coefficient 
de  coherence 
conditionnel 

TJombre  de  blocs 

Nombre  de  blocs 

TJombre  de  blocs 

5.12 

85,4 

67 

- 3.92.10-2 

- 5,19-1  o-4 

2,56 

42 

33 

17.10-2 

46  • 1 0”*^ 

1 .28 

20 

16 

20. 10-2 

111.10-4 

0,64 

10 

8 

13.10-2 

1 45.10-4 

0,32 

5 

4 

50. 10-2 

1 15.10-4 

2/  ♦ \ 

Sur  lc.  figure  9»  la  variation  du  carr4  du  coefficient  de  coherence  conditionnel  C (T,  T>  ) est 
trac4een  fonction  de  T (temps  d ' acquisition)  et  de  (critkres  de  choix  sur  F^  : amplitude  et  forme), 
dans  ce  cas,  : retard  incremental  compennant  le  temps  .de  parcours  de  1' information  de  k M a 6t6  main- 
tenu  constant.  On  constate  sur  cette  courbe  un  maximum  pour  T **  0,64  dont  le  maximum  maximorum  n'apparait 
pas  ( k cause  d'une  limitation  des  moyens  mis  en  oeuvre). 

Aux  alent^urs  de  ce  maximum,  la  coherence  conditionnelle  entre  le  fil  chaud  (de  10/um  d'epaisseur 
et  environ  5 mm  de  long)  et  le  microphone  est  de  l'ordre  de  12$,  ce  qui  est  eiev4.  En  deplagant  le  point 
de  nesure  F^  on  peut  alors  tracer  des  cartes  d ' iso-amplitude  pour  diff^rentes  valeurs  de  T (done  diff4- 
rentes  bandes  de  frequence). 

Oette  methods  est  en  c ours  d’application  pour  caracteriser  en  plus  des  sources  de  bruit  de  jets, 
celles  de  machines  tournantes  (compresseurs , venti la teurs , helicopteres , ...),  de  profils,  de  mecanismes 
d' interaction,  de  structures  vibrantes.  Elle  a 1* a vantage  de  perraettre  de  s'affranchir  de  propridtes  sta- 
tistiques  strictes  des  signaux  que  l'on  voudrait  traiter  par  des  proced^s  clnssiques  (correlation,  trans- 
formation de  Fourier)  en  permettant  d'etre  synchrone  par  rapport  a un  mecanisme  s4lectionne  par  les  condi- 
ti ons  imposces  k F^ . 


4.  CONCLUSIONS 

On  constat  : actuellement  une  situation  inverse  de  celle  existante  il  y a 10  ana  environ.  En  effet, 
les  importants  investissements , attribute  au  developpement  de  moyens  nouveaux  d ' investigation,  font  que 
1' experience  apporte  des  resultats  forts  pour  lesquels  les  modelisations  th^oriques  restent  k trouver.  Ces 
resultat9  s >nt  obtenue.k  l'aide  de  moyens  de  mesure  dont  la  relation  dimens ionne lie  avec  la  grandeur  phy- 
sique recherche#  est  parfois  difficile  k d4finir. 


Dans  1' ensemble  des  resultats  experimentaux  retenons,  ainsi  que  le  Pr.  LAUFER  l’a  fait  lors  des  con- 
clusions de  la  3^me  Conference  de  1'AIAA  sur  1 ' Aero-Ac >ustique  (Palo-Alto,  juillet  1976),  les  preuves 
experimentales  de  1' existence  des  structures  a grande  echelle  sur  des  jets  de  forte  vitesse  ainsi  que  l'£- 
valuation  quantitative  de  leur  efficacite  acoustique  dans  le  champ  lointain. 

Ces  etudes  sont  k approfondir  en  particulier  en  ce  qui  concerne  les  relations  entre  structure  k 
grande  echelle  et  turbulence  "classique"  (ou  fine).  Dans  ce  sens  les  experiences  sur  1' amplification  para- 
metrique  [51 ] sont  prometteuses. 

Cot  ensemble  de  moyens  de  Bondage  des  jets,  complete  par  des  svstemes  microphoniques  direct ifs  et 
par  des  methoden  de  traitement  du  signal  permettant  de  donner  une  distribution  resile  des  sources  dans  le 
jet,  met  1 ' experimentateur  en  position  favorable  pour  d4finir  des  remkdes  aux  nuisances  acoustiques. 
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SUMMARY 

The  prediction  and  reduction  of  aircraft  noist  for  flight  conditions  is  much  more  complex  than  for 
static  since,  apart  from  conventional  Doppler-shi ft  and  flight-path  considerations,  the  relative  airflow 
past  the  aircraft  can  have  significant  effects  on  both  the  generation  and  propagation  of  the  noise  from 
the  engine/airframe  combination.  Ground-based  facilities  providing  adequate  representation  of 
forward-speed  conditions  for  noise-model  experiments,  in  a well-defined  and  controlled  environment,  are 
now  essential  to  complement  and  preferably  precede  full-scale  investigations  under  static  and  flight 
conditions.  The  special  merits,  deficiencies  and  problem  areas  arising  with  several  particulai  types  of 
such  facilities  are  analysed  and  quantified  here  in  basic  practical  terms.  The  complementary  usage  of 
more  than  one  facility  type  is  shown  to  be  desirable,  in  view  of  their  inherent  limitations  individually, 
to  ensure  some  checks  on  each  other  as  well  as  to  widen  the  range  of  experiments  possible. 

Acoustic  windtunnels,  using  fixed  models  in  an  anechoic  working-chamber  enclosing  a quiet  air stream, 
receive  the  most  detailed  analysis  here  since  they  have  now  been  the  most  thoroughly  investigated,  and  can 
now  provide  the  best  experimental  approach  to  noise-model  research  work  (basic  and  applied).  The 
application  of  linear-track  vehicles  is  also  extensively  discussed,  as  being  the  most  appropriate  for 
providing  practical  mobile-model  experiments  using  real  small  engines.  Some  comments  are  added  about  the 
exploitation  of  other  mobile-model  techniques,  including  rotating  arms,  road/runway  vehicles,  aerial-cable 
runs,  and  free-flight.  The  Bibliography  should  be  reasonably  comprehensive,  in  that  it  lists  the  titles 
of  over  r directly  relevant  papers  published  by  European  and  North  American  workers  from  1970  to 
mid-1976. 
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The  aircraft  designer  is  now  faced  with  significant  problems  in  assessing,  predicting  and 
guaranteeing  the  noise  field  from  future  aircraft  projects  to  a much  greater  accuracy  than  hitherV  , while 
at  the  same  time  meeting  the  demand  for  even  lower  noise  levels  without  significant  penalties  in  respect 
of  economy,  safety  and  performance1.  The  prediction  of  aircraft  noise  for  flight  conditions  is  much  mor*- 
complex  than  under  static  conditions,  apart  from  forward  speed  effects  through  conventional  Doppler -r»hi  ft 
and  flight  path  considerations.  The  relative  mainstream  flow  past  the  aircraft  in  flight  can  have 
significant  influence  on  the  generation  and  propagation  of  the  source  noise  from  the  engine  itne]ff  from 
the  airframe,  and  from  the  engine-airframe  interactions  (Pig  l).  Forward-speed  can  affect  the  perceived 
noise  appreciably  through  changes  not  only  in  the  overall  sound  pressure  level  but  als  in  the  noise 
spectrum  and  directivity  characten sties.  Our  fundamental  understanding  of  these  effect-  1.  *i..  p r. 

Their  practical  importance  has  already  been  forcibly  illustrated  by:  the  difficult  • 

static-rig  and  in-flight  measurements  on  engines  - as  regards  both  fan  noise  and  exhaust  n ; the 
recognition  of  some  exhaust  noise  silencing  schemes  which  worked  well  statically  but  prove!  " - •* 
effective  in  flight;  the  observation  of  trai 1 ing-vortex  refraction  effects  on  engine  rr  in-  propagation; 
the  significant  airframe  noise  measured  in  flight  with  landing-devi ces  deployed  and  quiet  r.<-d  • r.gine:-; 
and  some  impulsive  noise  of  helicopters. 

Noise  measurements  from  actual  aircraft  in  flight  will  always  be  necessary  for  confirmation  of 
predictions,  for  final  proving  and  for  type  certification.  Carefully  controlled  flight  experiment:-  with 
research-orientated  modifications  of  small  aircraft  can  also  play  a useful  role,  as  well  illustrated  by 
in-flight  work  directed  towards  investigation  of  surface-shielding  and  airflow  refraction  of  engine  noise. 

In  some  extreme  cases,  typified  by  early  airframe  self-noise  investigations,  flight  testing  of  available 
production  aircraft  may  prove  to  be  the  only  technique  immediately  applicable,  at  least  to  gain  some 
practical  experience  rapidly.  However,  as  a primary  tool  for  R&D  on  forward-speed  effects,  flight  tests 
on  noise  - as  well  as  on  associated  aerodynamics  - are  relatively  restricted  in  flexibility,  measurement 
accuracy,  and  productivity. 

Thus  ground-based  facilities  providing  forward-speed  simulation  for  model  experiments  in  a 
well-defined  and  consistent  environment  are  essential  to  complement  full-scale  investigations  under  static 
and  flight  conditions  (Fig  ?).  They  can  be  especially  profitable  not  only  for  research,  but  also  for 
detailed  and  safe  studies  of  critical  components  and  special  problem  areas;  thereby  expediting  comparison 
of  novel  project  concepts,  exploratory  development,  and  guarantees  for  m— service  applications. 

Naturally,  to  ensure  meaningful  evaluation  of  the  effects  of  forward-speed  on  aircraft  noise 
characteristics,  reliable  measurements  of  related  aerodynamic  flow  conditions  as  well  as  noise  must  be 
possible,  so  that  correlation  of  the  observed  noise  changes  with  variations  in  aerodynamic  behaviour  can 
be  achieved. 

Acoustic  windtunnels,  using  * fixed*  models  in  an  anechoic  working-chamber  enclosing  a quiet 
airstream,  in  principle  should  provide  the  best  approach  to  noise-model  research  work  (basic  and  applied) 
and  ultimately  in  direct  support  of  specific  aircraft  projects;  analogous  to  the  extensive  aerodynamic 
testing  that  is  general  practice  nowadays.  The  special  advantages  of  Buch  tunnels  in  ensuring  a more 
sheltered  and  controlled  environment  than  outdoor  mobile  facilities  (Section  2. l)  include  capability  of 
continuous  operation,  repeatable  test  conditions,  high  productivity,  good  measurement  accuracy,  testing- 
flexibility  and  the  precise  alleviation  of  reflections  from  neighbouring  surfaces.  From  analytical  and 
experimental  studies,  most  of  the  problem  areas  associated  with  subsonic  tunnel  design  and  usage  for 
noise-model  experiments  have  now  been  identified  (Sections  2.2  and  2.3),  their  magnitudes  critically 
assessed,  and  the  special  treatments  or  limitations  involved  have  become  quantifiable  in  many  respects 
(Section  3).  In  particular,  various  parasitic  noise  fields  which  could  mask  the  actual  model  noise 
measurements  can  be  avoided  by  acoustic  lining  of  the  working— chamber  to  minimise  reverberation  effects, 
by  acoustic  treatment  of  the  tunnel  circuit  to  substantially  reduce  the  intrinsic  background  noise 
associated  with  the  tunnel  drive,  and  by  using  special  microphone  and  model-rig  arrangements  to  minimise 
their  self-noise  and  local  interference  in  an  airstream.  Several  acoustic  tunnels  with  equivalent 
airstream  diameters  less  than  3 m have  already  been  built  (eg  Figs  3 and  4)  and  others  are  nearing 
completion  (Section  2.4).  However,  apart  from  the  desirability  of  good  quality  mainstream  flow  past  the 
model  in  the  test-section,  a large  tunnel  size  is  advantageous  from  acoustic  as  well  as  aerodynamic 
oonrtraint  considerations.  Tins  has  encouraged  developments  for  the  application  of  existing  large 
tunnels,  such  as  the  RAE  24  ft  diam.  open-jet  (Figs  5 and  15)  and  the  NASA  40  ft  x SO  ft  closed-jet 
(Fig  6),  and  has  influenced  design  specifications  for  new  large  tunnels. 

Outdoor  Mobile  facilities  of  the  Tracked-Vehicle  type  can  be  more  usefully  exploited  (instead  of 
flight  vehicles)  for  noise  testing  of  large-scale  models  or  even  full-scale  investigations,  using 
representative  real  engines  and  with  simulation  of  the  local  airframe  surfaces,  and  in  principle  with 
true  *in-flight*  motion  of  the  noise  generator  through  a real  atmosphere  and  past  a stationary  observer. 
Naturally,  a variety  of  special  testing  problems  have  again  to  be  clarified  and  quantified,  such  a:- 
measurement  and  analysis  requirements  under  non-st at ionary  conditions,  parasitic  noise  and  aerodyn  u- i c 
interference  from  the  vehicle  and  model  rig,  and  environmental  effects  (Section  4).  Although  feasible 
developments  of  the  Earith  Tracked  Hovercraft  Facility  for  aircraft  noise  research  in  the  UK  had  to  be 
terminated  in  1974,  much  valuable  experience  was  accrued  for  the  critical  appreciation  and  more  reliable 
application  of  mobile  facilities  elsewhere  and  of  allied  flight  testing  techniques.  T^ie  Bertin  Aerotrain 
Vehicle  (Model  02)  has  been  developed  in  France  for  noise  tests  on  its. jet  propulsion  unit  (now  J8r>  engine), 
with  the  vehicle  supported  on  a concrete  inverted-T  rail  by  air-cushion  lift  fans  driven  by  a Turbomeca 
Palouete  (Fig  7). 

Other  types  of  ground-based  facilities  (Fig  2)  have  also  warranted  serious  examination  for  particular 
applications,  each  facility  with  its  individual  merits  and  problems  (Section  5).  For  example,  Rolls-Royce 
have  successfully  developed  a ’Spinning-rig*  (rotating  arm),  self-driven  by  a tip-jet,  for  model  testing 
on  the  noise  characteristics  of  high-speed  jet  nozzles  and  silencer  arrangements  (Fig  8).  Road  Vehicles, 
some  already  developed  for  aerodynamic  model  testing,  have  now  been  assessed  for  possible  noise-*nodel 
testing  capabilities;  they  tend  to  be  more  limited  in  the  speed  and  in  the  size  of  engine  or  model  that 
could  be  carried,  compared  with  linear-track  vehicles,  but  the  operating  costs  could  be  lower.  Aircraft 
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Taxying  (ground-run)  along  a runway  represents  another  technique  which  has  been  the  subject  of  preliminary 
trials.  Aerial-Cable  tracks,  tilth  I tsst  noise  source  moving  down  a cable,  have  als<  ' 

particularly  b y NASA.  Free-flight  model  techniques  could  be  further  exploited,  with  noice  models 
projected  over  a well-instrumented  quiet  range  outdoors  or  through  a large  anechoic  chamber.  Recently, 
devices  for  static-rig  fan-testing  have  also  been  developed  in  attempts  to  produce  representative 
forward -speed  aerodynamic  conditions  (distortion-free)  at  the  fan  inlet  and  yet  not  impede  radiation  of 
the  acoustic  signals. 

More  generally,  for  model-scale  testing  in  all  facilities-,  meaningful  representation  (qualitative  and 
quantitative)  of  full-scale  noise  sources  and  radiation  characteristics  requires  careful  appreciation  with 
respect  to  the  specific  research  task.  Fortunately,  only  partial  simulation  jf  : r 

powered-lift  noise  sources  is  usually  needed  for  studies  of  the  primary  changes  due  to  forward  speed. 

Even  so  there  are  significant  problems  including  model-drive  and  model  support  implications  (lection  <). 
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In  view  of  the  continuing  demand  for  lower  noise  levels  for  aircraft,  the  recently  established 
significance  of  forward-speed  effects,  and  the  need  for  combined  acoustic  and  aerodynamic  testing  of 
possible  configurations  with  noise-shielding  or  engine/airframe  interactions,  suit  . le  ‘acoustic*  subsr.. 
windtunnels  are  now  considered  essential  to  help  establish  reliable  noise-testing  techniques  and  some 
noise  technology  frameworks  which  are  closer  in  quality  to  those  already  available  for  conventional 
aerodynamic  investigations.  The  main  advantages  of  windtunnels  over  external  mobi>  facilities  for  such 
noise  research  are  broadly  similar  to  those  often  claimed  aerodynami cal ly . 

Typically 


(a)  Continuity  of  operation,  allowing  ready  acquisition  of  statistical  ly  :*-!*■  :ua»o  . , 

signals  from  fixed  points  and  with  slow  controlled  traverses  of  measuring  instruments  (eg  microphones) 
to  map  out  fields. 

(b)  Relative  ease  of  providing  or  qualifying  free-field  conditions,  subject  to  model  or  tunnel  size 
constraints,  while  background  noise  in  a we  11 -designed  acoustically— treated  tunnel  need  not  be  higher 
than  the  self-noise  level  of  a quiet  moving  vehicle. 

(c)  Precise  control  and  repeatability  of  the  test  condition,  unaffected  by  the  external  environment, 
in  a closed-return  tunnel  at  least.  Also  the  capability  of  providing  controlled  and  repeatable 
measurements  under  transient  conditions  (eg  jet  thrust  or  fan  pitch  variation). 

(d)  Flexibility,  measurement  accuracy  and  productivity  of  tunnel  testing  prog:  immes,  including  the 
capability  of  making  detailed  aerodynamic  measurements  along  with  and  essentially  allied  to  the 
acoustic  experiments. 

(e)  The  elimination  or  control  of  ground  reflection  effects  and  of  pure  Dop; : er  effects  arising  from 
relative  motion  between  the  measuring  point  and  the  noise  source  simplifies  the  fundamental  analysis  of 
the  experimental  measurements  considerably,  though  the  problems  of  correction  to  practical  flight 
conditions  remain. 


Tunnel  Noise-Test ing  Considerations 


The  available  experience  on  noise  testing  under  forward-speed  conditions  and  on  associated 
techniques  is  still  very  limited  at  both  model-scale  and  full-scale,  as  compared  with  extensive  continuous 
aerodynamic  testing  over  several  decades.  However,  most  of  the  problem  areas  associated  with  tunnel 
design  and  usage  for  noise-model  testing  (Tables  1 and  ?)  can  now  be  identified  and  clarified,  to  expedite 
their  treatment. 


For  adequate  simulation  at  model-scale  in  tunnels  or  other  facilities,  the  relevant  geometrical  and 
constructional  features  have  to  be  selected  for  representation  in  relation  to  any  aerodynamic,  elastic  and 
dynamic  aspects  particularly  affecting  noise  generation,  with  overall  consideration  of  scaling-factor 
implications.  Some  non-dimensional  similarity  parameters  then  have  to  attain  values  at  model  scale 
reasonably  close  to  those  of  interest  full-scale;  eg  Mach  number,  Reynolds  number,  and  effective-speed 
ratios  (blade-tip/airstream,  or  engine-f low/airstream) . Essentially,  shortfall  in  some  of  the  parameter 
values  may  have  to  be  accepted  in  practice  as  of  secondary  importance,  and  interpreted  in  the  light  of 
experimental  variations  of  the  parameter  values  and  other  experience.  At  the  same  time,  other  scaling 
factors  such  ao  selected  Strouhal  number  (frequency  parameter)  and  sound-level  coefficients  should  be 
validated  experimentally  aB  applicable  to  full-scale  practical  prediction  for  the  particular  aircraft  type 
of  interest,  for  example  by  comparisons  at  different  model-scales. 

To  relate  the  tunnel  model  experiments  directly  to  conventional  flight  test  conditions,  an  analytic 
framework  also  has  to  be  specified  for  the  appropriate  frame-of-reference  transformations.  This  must 
convert  from  the  relative  motions  for  the  fixed  model  in  the  tunnel  moving  airstream  with  the  microphones 
also  fixed  inside  or  outside  the  airstream,  across  to  the  moving  aircraft  in  ambient  still  air  with  the 
microphones  fixed  on  the  ground.  One  current  practice  is  simply  to  correct  tunnel  measurements  for  the 
absence  of  elementary  Doppler  shift  effects  on  sound  frequency,  for  the  presence  of  elementary  airstream 
convection  effects  on  sound  directivity  angle,  and  for  simple  refraction  effects  through  the  airstream 
mixing  boundary  if  external  microphone  locations  are  employed  (Section  2.3). 
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Parasitic  noise  fields  can  be  produced  naturally  by  the  testing  environment  (Fig  9),  unless  special 
precautions  are  taken.  For  windtunnels  in  particular,  the  following  sources  may  be  identified  and 
al leviated:- 

(a)  intrinsic  background  noise  of  the  tunnel  in  operation,  associated  with  the  tunnel  drive,  circuit 
and  mainstream  flow  (Sections  3.4  to  3*7); 

(b)  reverberation  caused  by  reflection  of  the  model  noise  by  the  work-chamber  boundaries  (test-section 
enclosure)  leading  to  limits  on  the  acceptable  frequency  range  and  model-scale  (Section  3.l); 

(c)  spurious  noise  associated  with  flow  over  the  measuring  microphones  (Section  3.6)  and  over  the 
model  supporting  rig; 

(d)  supplementary  noise  generation  arising  from  deficiencies  in  the  quality  of  the  mainstream  flow 
into  the  test-section  and  around  the  tunnel  circuit,  and  from  any  flow  variation  with  changes  of 
powered  model  condition  (Section  3.6). 

For  applicable  analysis  of  model  noise  measurements,  including  extrapolation  to  full-scale  far-field 
conditions,  reliable  noise-measurement  should  be  achievable  in  the  *free-field*  portion  of  the 
model-source  far-field,  where  the  sound  pressure  level  varies  almost  inversely  as  the  square  of  the 
distance  (spherical  radiation)  apart  from  atmospheric  attenuation  (Fig  10).  This  *free-field  region*  is 
bounded  internally  by  the  *near-field*  region  of  the  noise  source  and  externally  by  the 
* reverberation-field*  of  the  working-chamber,  thus  restricting  the  maximum  permissible  size  of  model  and 
the  minimum  permissible  size  of  the  test-section  from  acoustic  as  well  as  aerodynamic  considerations 
(Sections  3.1  to  3*3).  Also,  a minimum  acceptable  size  of  model  can  be  determined  by  practical 
difficulties  in  achieving  adequate  microphone  response  and  resolution  simultaneously  with  high  frequency 
noise  measurements,  as  well  as  from  representative-model  constructional  problems  at  small-scale. 

Such  tunnel-testing  difficulties  while  significant  can  be  overcome  or  alleviated  by  appropriate 
tunnel  design  modifications  as  discussed  later  (Sections  3.1  to  3*8)  along  with  careful  model  specification 
(Section  6).  If  meaningful  interpretation  of  the  noise  measurements  for  reliable  application  towards 
practical  developments  and  improvements  full-scale  is  to  be  ensured,  some  near-field  noise  measurements 
can  often  usefully  complement  extensive  far-field  measurements.  More  generally,  as  regards  the 
investigation  of  airstream  effects  on  model  noise,  some  correlation  of  the  observed  noise  changes  with 
pr  *bable  variations  in  aerodynamic  behaviour  should  invariably  be  sought. 

■ . » t i .--■*!  -uid  He  1 a 1 1 y-f»‘o  1 1 on  derations 

A preference  for  microphone  locations  well  inside  the  test-section  airstream  of  a large  windtunnel, 
for  an  open-jet  such  as  the  RAE  24  ft  tunnel  as  well  as  inevitably  for  closed-jet  tunnels,  can  follow  from 
the  need  to  make  measurements  as  close  to  the  noise  source  as  far-field  requirements  may  permit 
(Sections  3*1  and  3.2),  or  as  near-field  studies  may  require.  Simultaneously,  the  effects  of  parasitic 
flow  fields  at  or  outside  the  mainstream  jet  boundary,  ie  other  than  those  flows  properly  associated  with 
the  model  condition,  are  then  avoided  on  the  model  noise  propagation  characteristics.  Thus,  choosing  for 
comparative  purposes  here  a frame  of  reference  fixed  to  a noise-^nodel  (Fig  1l)  there  exists  an  elementary 
direct  correspondence  between  noise  measurements  for  the  model  fixed  in  an  ideal  tunnel  airstream 
('•ffectively  uniform  and  unbounded)  and  for  the  same  model  in  steady  level  flight  at  the  same  relative 
velocity  to  the  likewise  ideal  still  air.  Naturally  for  such  ideal  model  test  conditions  in  tunnel  and 
flight,  with  the  identical  relative  airflow  velocity,  measurements  can  directly  correspond  at  the  same 
-aerophone  distance  from  the  model,  for  the  same  sound  emission  angle  0 (ie  wavefront-normal  inclination) 
to  th*>  direction  of  relative  motion;  there  is  then  of  course  identity  also  of  the  *retarded-t ime * from 
pulse  emission  at  the  model  source  to  pulse  reception  at  the  microphone  location.  'TOiis  careful 
distinction  here  between  correlation  of  results  from  different  test  methods  at  the  same  value  of  the 
emission  angle  0 rather  than  of  the  'convected*  ray  angle  *,  while  seemingly  trivial  at  first  sight, 
becomes  of  vital  practical  significance  for  the  meaningful  comparison  and  physical  interpretation  of 
results  at  different  flight  and/or  tunnel  Mach  numbers  M and  under  static  rig  conditions.  From  simple 
relative  airstream  convection  arguments 

tan*  - tan©  (l  + M sec©)  ^ . 

In  real  flight,  this  emission  angle  © is  of  course  the  instantaneous  line-of-sight  angle  from  the 
conventional  stationary  observer  to  the  aircraft  (ie  flight  model)  at  the  sound  pulse  emission  time;  as 
distinct  from  the  *convected»  ray  angle  * which  represents  the  instantaneous  line-of-sight  angle  at  the 
corresponding  pulse  reception  time,  varying  with  M even  for  constant  source  emission  characteristics.  In 
real  tunnel  tests,  to  ensure  measurements  for  unchanged  values  of  emission  angle  © as  tunnel  airspeed  is 
varied  (including  static  conditions),  the  datum  microphone  locations  (*  values  for  assigned  © values)  can 
be  displaced  geometrically  downstream  with  increasing  airstream  Mach  number,  according  to  the  foregoing 
convection  relationship.  With  an  extensive  distributed  source  (eg  jet  efflux)  the  geometric  far-field 
conditions  may  not  be  adequately  achieved  for  the  allowable  microphone  distance  from  the  model,  when 
strictly  these  angles  should  be  related  to  several  prescribed  source  elements  in  turn  rather  than  to  the 
model  geometrical  location.  Even  some  rough  checks,  with  simple  Bource  distributions  based  on  theoretical 
arguments  and  other  experiments  (eg  static),  could  usefully  indicate  the  magnitude  of  possible  errors  due 
to  the  more  convenient  assumption  of  a single  compact  source  at  or  near  the  model;  see  also  Section  3.3. 

To  fully  complete  the  practical  equivalence  (Fig  1 1 ) , the  microphone  should  not  only  occupy  the  same 
position  relative  to  the  model  frams-of-reference  at  pulse  reception  time  (ie  identical  ©),  but  ideally 
the  velocity  of  the  microphone  relative  to  the  model  Bhould  also  be  unchanged.  Now  in  principle,  for  the 
same  0,  the  acoustic  pressure  amplitude  measured  by  a moving  microphone  is  independent  of  its  velocity 
relative  to  the  source,  though  any  pulse  is  then  detected  over  a time  period  proportional  to  (l  + M cos©). 
Hence  in  practical  terms,  the  stationary  microphone  with  stationary  model  in  the  tunnel  airstream  measures 
the  name  proport ional -bandwidth  mean-square  pressures  (eg  ^-octave)  as  the  stationary  microphone 
(conventional  observer)  with  flight  model  (moving  aircraft);  strictly  provided  the  tunnel  airstream  and 
flight  Mach  numbers  are  identical,  for  the  same  values  of  0,  and  at  the  same  microphone  distance.  Even  so 
the  tunnel -model  frequencies  then  need  to  be  multiplied  by  the  Doppler  factor; 
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to  convert  to  the  f 1 ight-<nodel  observer  conditions  with  the  separation  speed  Ma.  More  generally*  to  allow 
for  essential  differences  in  practice  between  the  tunnel  model  microphone  and  the  flight  model  observer 
distances,  it  is  customary  to  appeal  of  course  to  the  far-field  inverse-square  law,  with  ASPL  s -6  dB  per 
doubling  of  distance.  Additionally,  conventional  corrections  to  allow  for  atmospheric  attenuation  may  be 
applied,  typically 

ASPL  a f/1000  dB  per  150  m distance  . 

To  reduce  the  wind-generated  noise  at  the  microphone  located  within  the  tunnel  an  stream,  for  much 
higher  airspeeds  than  conventional  ambient-wind  conditions,  a streamlined  nose-cone  with  a circumferential 
axi-symmetnc  strip  of  fine  wire  mesh  is  usually  substituted  for  the  standard  flat  grid  protecting  the 
microphone  diaphragm,  replacing  also  the  conventional  spherical  porous  windscreen.  The  nose-cone  and 
hence  the  axis  of  the  microphone  diaphragm  are  pointed  directly  upstream  at  any  microphone  location  to 
minimise  airflow  disturbances.  The  microphone  response  corrections  needed  to  give  true  free-field 
conditions  are  a function  of  both  the  sound  frequency  and  sound  incidence  at  the  microphone.  Additional 
free-field  corrections  for  the  presence  of  the  nose-cone  are  often  determined  at  HAE  by  datum  microphone 
measurements  made  with  and  without  nose-cone,  for  noise  generated  by  the  model  at  zero  tunnel  airspeed. 
Fortunately  the  omni-directional  characteristics  of  the  microphone  tend  to  be  improved  by  the  addition  of 
the  nose-cone,  though  sound  incidence  effects  are  still  large  at  high  frequencies  and  calibration  checks 
are  still  essential.  There  is  also  some  justification  for  the  expedient  practical  assumption  that  the 
local  airflow  over  the  microphone  in  the  tunnel  airstream  does  not  significantly  alter  the  microphone 
response  to  the  sound  received,  with  of  course  the  nose-cone  and  streamlined  support  kept  aligned  along 
the  local  airstream  direction. 

Nevertheless,  the  future  significance  of  any  residual  wind-generated  noise  at  microphones  located 
within  the  airstream  of  open-jet  tunnels  or  closed-jet  tunnels  needs  continually  to  be  re-assessed,  taking 
into  account  possible  reductions  in  or  discrimination  of  other  parasitic  noises  and  the  available  signal 
strengths  from  quieter  or  more  complex  model-sources.  For  example  early  exploratory  studies  in  the 
KAE  24  ft  tunnel  implied  that  the  wind-generated  noise  for  microphones  at  locations  well  clear  of  the 
open-jet  mixing  boundary  can  be  kept  small  relative  to  the  existing  background  noise  level  of  this  tunnel, 
provided  the  microphone  nose-cone  is  kept  aligned  within  +10°  of  the  local  airstream  direction,  and  with 
careful  attention  to  the  microphone  support  structure.  More  recent  analysis  in  relation  to  the  provision 
and  application  of  much  quieter  tunnels  has  confirmed  that,  unless  very  low  turbulence  levels  are 
achieved,  the  pressure  fluctuations  associated  with  the  turbulence  in  the  airstream  can  determine  the 
♦apparent*  background  noise  levels  of  such  tunnels,  as  indicated  by  a microphone  (even  with  nose-cone)  in 
the  airstream.  Indeed  datum  microphone  measurements  inside  a very  quiet  small  tunnel,  but  for  very  high 
turbulence  levels  (airstream  u*/U  of  order  1$  rather  than  conventional  0.1$),  recorded  SPL  values  as  much 
as  20  dB  higher  than  measurements  well  outside  the  airstream.  Some  further  comments  on  this  aspect  can 
be  found  in  the  subsequent  discussion  of  ’Tunnel  flow  quality  requirements*  (Section  3.6). 

With  an  open-jet  test-section  inside  a much  larger  acoustically-treated  working-chamber,  the 
microphones  for  far-field  measurements  can  alternatively  be  located  Kt^ mal  to  the  airstream  and  well 
clear  of  the  mixing  boundary  (Fig  20)  so  as  to  be  in  nominally  still  air;  though  at  a greater  distance 
from  the  noise  source  giving  a correspondingly  weaker  signal  strength  relative  to  the  background  noise 
level.  Moreover,  possible  falsification  of  the  noise  measurements  needs  to  be  assessed  and  allowed  for, 
because  of  the  intervention  of  the  mixing  boundary  between  the  noise  source  (within  the  test-section 
potential  core)  and  the  external  microphones. 

As  regards  spurious  refraction  of  sound  propagated  through  the  mixing  boundary,  and  even  possibly 
through  weaker  secondary  flow  regimes  outside  the  mixing  boundary,  early  RAE  studies  indicated  that  such 
effects  were  tolerably  small  and  adequately  assessable  by  qualitative  ray  theory  arguments,  for  the  low 
airstream  speeds  (M  < 0 . 1 5 ) then  feasible  with  acceptable  background  noise  levels.  More  recently,  precise 
theoretical  treatments  have  been  formulated  by  Amiet111,  Jacques60  and  others,  in  which  the  tunnel  mixing 
boundary  is  modelled  simply  in  terms  of  a thin  vortex  sheet  of  small  thickness  (compared  with  the 
incident— sound  wavelength)  between  the  uniform  stream  and  still  air  without  chang*  in  density  across  the 
shear  layer  (Fig  12).  Essentially  Amiet  considers  a plane  interface  and  uses  ray  theory  to  derive 
equations  which,  conveniently  for  our  purpose,  permit  sound  pressure  measurements  made  at  an  apparent 
directivity  angle  8m  and  radius  r to  be  corrected  in  both  intensity  and  angle  for  ’ideal  tunnel1 
conditions  with  the  microphone  immersed  in  an  infinitely  large  airstream.  Note  than  the  effect  of  the 
refraction  is  not  merely  to  change  the  ray  direction  from  inside  to  8C  outside  the  airstream  (Fig  *2), 
but  also  the  intensity  through  effective  changes  in  ray  spreading  angle  as  well  as  distance.  Fig  13  shows 
that  the  changes  to  corrected  angle  0*  from  visual  measurement  angle  em,  and  the  corresponding  SPL  changes 
20  log  (pc/pm)  for  an  equal  radial  distance  r from  the  source,  are  certainly  no  longer  small  when  the 
airstream  Mach  number  is  increased  from  0.1  to  0.3  (and  to  0.5)  for  h/r  = 0.15*  where  h is  the  separation 
distance  between  the  source  and  shear  layer.  With  increasing  M,  **  essentially  reduces  over  the  whole 
measurement  angle  range,  while  the  SPL  at  equal  radius  increases  over  the  whole  of  the  forward  arc 
(upstream  of  source)  but  decreases  over  most  of  the  rearward  arc.  It  should  be  observed  that  small  angles 
to  the  airstream  direction  are  not  allowable  in  practice  for  measurements  outside  the  airflow,  because  of 
the  rapid  variations  in  the  corrections  there,  both  in  the  forward  and  rear  arcs;  in  the  forward  arc  even 
at  angles  somewhat  exceeding  those  for  total  internal  reflection  from  the  mixing  boundary  (ie  even  outside 
the  *zone  of  silence*). 

Additionally,  the  model  noise  propagation  may  be  subject  to  frequency  and  spatial  scattering  at  the 
test-section  mixing  boundary,  or  can  augment  noise  generation  from  the  turbulent  mixing  itself.  Early  HAE 
experiments  again  implied  that  the  practical  effects  were  small,  at  least  up  to  the  maximum  frequency  of 
10  kHz  and  for  low  airstream  Mach  numbers  (M  < 0.15)  then  tested.  But  such  scattering  effects  are 
envisaged  primarily  as  high  frequency  phenomena,  affecting  sound  propagation  at  wavelengths  less  than  the 
turbulence  length  scales  within  the  mixing  region.  Indeed,  for  M a 0.2,  noticeable  broadening  of  a pure 


tone  at  ^bout  24  kHz  has  been  displayed  by  measurements  made  well  outside  the  mixing  boundary  of  the  ITTRC 
tunnel11, , while  as  much  as  half  the  transmitted  intensity  across  a shear  layer  at  very  small  wavelengths 


has  been  attributed  to  scattered  waves  from  experiments  by  ONERA 
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Overall,  the  complex  nature  and  larger  thickness  of  the  mixing  boundary  needs  to  be  properly 
appreciated  in  practical  terms,  including  the  influence  of  any  tabs  incorporated  round  the  tunnel  nozzle 
periphery  to  ensure  airflow  stability,  so  that  representation  by  simple  thin  shear  layers  seems  only  an 
expedient  gross  approximation  to  the  true  airflow  conditions.  At  tnis  stage,  the  available  theories  and 
limited  measurements  should  be  used  for  qualitative  guidance  rather  than  precise  corrections,  preferably 
towards  defining  the  test  conditions  for  acceptably  small  corrections  on  the  noise  changes  with  forward 
speed  under  investigation. 


2.4  ^p-cific  Funnels  for  Nome-Model  Testing 


Within  the  past  five  years  several  acoustic  windtunnels  have  been  specially  built  or  existing 
aerodynamic  tunnels  correspondingly  modified,  to  provide  simultaneously  an  anechoic  working-chamber  and 
low  background  noise  at  the  test-section  with  the  tunnel  in  operation.  But  these  existing  acoustic 
tunnels  are  small  with  equivalent  test-section  airstream  diameters  less  than  3 m.  The  test-section  and 
working-chamber  measurements,  quoted  below  in  metres,  refer  either  to  the  diameter  x length,  or  to 
width  x height  x length;  supplementary  dimensions  quoted  in  feet  signify  only  the  original  designation 
of  the  tunnel.  Sometimes  alternative  test-sections  may  be  available,  either  smaller  and  faster,  or  both 
closed  and  open.  The  specific  references  quoted  here  give  more  detailed  specifications  of  the  particular 
tunnels.  Overall  analysis  of  considerations  arising  in  the  design  and  application  of  acoustic  tunnels  is 
contained  in  Sections  3.1  to  3.8.  The  provision  of  very  small  'free-jet*  tunnels  by  simple  adaptation  of 
anechoic  chambers  with  existing  capability  of  static  noise-testing  on  jets  should  also  be  noted,  the  major 
jet  efflux  of  largest  available  diameter  then  being  employed  as  a mainstream  flow,  for  example  about  a 
model  jet  co-axially  centred  but  of  much  smaller  diameter  (see  Section  3.3). 


American  acoustic  tunnels  already  include:- 


\ 101 , 102 


(1)  Naval  Ship  Research  and  Development  Center  (NSRDC,  1971) 
Open-section  2.4  m diam.  x 3*5  m;  max  airspeed  60  m/s;  closed-return. 
Working-chamber  7*2  m x 7*2  m x 6.3  m;  cut-off  150  Hz. 

(2)  United  Technologies  Research  Center  (UTRC/UARL,  1971 
Open-section  0.8  m x 0.5  m x 4.8  m;  max  airspeed  200  m/s;  atmos-return 
Working-chamber  6.7  m x 4*9  m x 5*5  m;  cut-off  200  Hz. 


(3)  Massachusetts  Institute  of  Technology  (MIT  5 ft  x 7 ft  modified,  1971) 
Open-section  2. 3 m x 1 .5  m x 2.4  m;  max  airspeed  35  m/s; 

Working-chamber  2.3  m x 1.5  m x 2.4  m;  cut-off  600  Hz. 

(4)  Bolt,  Beranek  and  Newman  (BBN,  1975)^^ 

Open-section  1.2  m x 1.2  m x 10  m;  max  airspeed  45  m/s;  atmos-return. 
Working-chamber  7.0  m x 6.1  m x 13.2  m;  cut-off  16O  Hz. 

(5)  Lockheed-Georgia  (LG,  1975)^ 

Open-section  0.76  m x 1.1  ni  x 2.9  in;  max  airspeed  75  m/s;  atmos-return. 
Working-chamber  3.4  m x 5*2  m x 3*4  m;  cut-off  200  Hz. 
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European  acoustic  tunnels  include :- 


\62 


(6)  Southampton  University  (SU  7 ft  x 5 ft  modified,  1975) 

Closed-section  2.1  m x 1,5  m x 4.4  m;  max  airepeed  30  m/s;  closed-return. 
Working-chamber  as  test-section;  cut-off  500  Hz. 


\44 


(7)  RAE  Parnborough  (RAE  5 ft  modified,  late  1976)** 

Open-section  1.5  m diam.  x 2.8  m;  max  airspeed  65  m/s;  closed-return. 
Working-chamber  3mx3mx3m;  cut-off  500  Hz. 

(8)  CEPr  Sac lay  (CEPr/ONERA,  early  1977) 14 

Open-section  2.0  m diam.  x 9*0  m;  max  airspeed  100  m/s;  atmos-return. 
Working-chamber  quarter-sphere  9.6  m radius;  cut-off  200  Hz. 


Other  existing  aerodynamic  tunnels  of  small— to-wnedi  urn  size  have  also  been  given  partial  acoustic 
treatment,  either  around  the  test— section  boundaries  or  inside  the  tunnel  circuit.  These  include:— 


(1)  NASA  Ames  3.0  m x 2.1  (7  ft  x 10  ft)  closed-section. 
Test-section  acoustic  lining. 

(2)  NASA  Lewis  4.6  m x 2.7  m (9  ft  x 15  ft)  closed-section. 
Tunnel  circuit  acoustic  inserts. 


(3)  Boeing-Seattle  2.7  m x 2.7  m (9  ft  x 9 ft)  closed-section. 
Test-section  acoustic  lining. 

(4)  VKI  Brussels  3*0  m diam.  open-section  . 

Working-chamber  acoustic  lining. 
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(5)  IFVLR  Porz-Wahn  3.3  m x 2.2  m open-sect ion£ 
Tunnel  circuit  acoustic  inserts. 


lTie  only  large  European  tunnel  currently  incorporating  acoustic  treatment  is  the  RAE  24  ft  tunnel 
with  its  open  test-section  7.3  m diam.  x 13  m length,  max  airspeed  50  m/s,  and  closed  return-circuit.  The 
working-chamber  boundaries  (13m  x 10  mx  13m)  are  now  lined  with  sound-absorbing  foam  sheet  and  wedges 
to  provide  a cut-off  frequency  as  low  as  200  Hz.  T^iis  40-year  tunnel  has  been  employed  successfully  since 
1971  for  a variety  of  basic  noise-*riodel  investigations  and  for  the  improvement  of  associated  testing 
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techniques^  r*  . Nevertheless,  it  is  important  to  stress  that  the  available  maximum  airspeed  of  50  m/B  is 
not  usable  for  noise-model  testing  in  general,  because  the  tunnel  background  noise  becomes  excessive  at 
airspeeds  much  above  30  m/s.  Furthermore,  at  all  airspeeds,  the  aerodynamic  flow  quality  is  considered  to 
be  relatively  poor  by  modern  tunnel  standards,  so  is  unlikely  to  satisfy  future  noise  research  demands. 

Some  acoustic  and  aerodynamic  studies  made  to  assess  possible  practical  modifications  to  the  24  ft  tunnel 
circuit  and  the  5 ft  scale-model^,  in  order  to  at  least  double  their  usable  noise-model  testing  speeds, 
can  conveniently  be  referred  to  later  to  illustrate  some  major  considerations  arising  in  the  design  and 
application  of  acoustic  tunnels  more  generally. 

In  the  USA,  at  least  two  large  aerodynamic  tunnels  have  already  been  used  for  noise-model  testing. 

The  NASA  Langley  30  ft  x 60  ft  tunnel,  with  its  open  elliptic  test-section  18  m x 9 m x 17  m length, 

max  airspeed  45  m/s,  and  closed  return-circuit,  now  has  its  working-chamber  boundaries  (34  m x 23  m x 21  m) 
lined  with  foam  sheet  providing  a cut-off  frequency  about  500  Hz°°.  Again,  the  usable  airspeeds  for 
noise-model  testing  in  general  reasonably  cannot  much  exceed  30  m/s,  while  the  airflow  quality  must  leave 
much  to  be  desired  in  this  very  old  tunnel.  The  NASA  Ames  40  ft  x 80  ft  tunnel,  with  its  closed 
test-section  24  m x 12  m x 24  m length,  max  airspeed  95  m/s,  and  closed  return-circuit  has  rather  limited 
acoustic  lining  of  the  test-section  boundaries  and  sometimes  none*5-*,  but  special  microphone  arrays  and 
other  schemes  are  used  for  discrimination  against  reverberant  field  and  background  noise  level s“8. 

Planned  improvements  to  this  tunnel  (Pig  6)  include  the  installation  by  1980  of  low-noise  fans  with  much 
greater  drive  power  to  provide  the  existing  test-section  with  higher  max  speed  (24  m x 12  m,  150  m/s). 
and  the  incorporation  of  an  additional  circuit  leg  with  much  larger  test-section  (36  m x 24  m,  55  m/s). 

More  generally,  research  is  now  being  carried  out  on  the  possibility  of  limited  noise-model  testing 

in  modern  aerodynamic  tunnels,  with  minimum  or  no  acoustic  treatment  of  mainly  closed  test-sections  and 

closed  return  circuits,  but  taking  advantage  of  their  outstanding  airflow  qualities 
(turbulence  u'/U  s 0.05^6/  and  higher  maximum  airspeeds  (>100  m/s).  Experimental  investigations,  for 
expediency  usually  in  small  tunnels  at  this  stage,  naturally  include  the  exploitation  of  directional 
acoustic  receivers  and  ottier  discrimination/coirelation  techniques,  to  extract  the  true  source  signal 
from  test— section  reverberation  effects,  tunnel/rig  background  noise,  and  instrumentation  parasitic  noise 
(in  the  airstream).  Ultimately,  other  existing  aerodynamic  tunnels  of  comparable  size  to  the  24  ft  may 
be  profitably  employed  for  aero-acoustic  studies  on  noise-wodels  using  such  techniques,  appreciating  that 
the  latter  techniques  tend  to  introduce  much  greater  complexity  of  measurement,  and  that  other  noise-field 
diagnostic  capabilities  may  be  impaired. 

Such  tunnels  could  for  example  include:- 

(1)  ONERA  Modane  SI  Ma  8 m diam.  closed-section,  max  airspeed  350  m/s. 

(2)  RAE  Famborough  5 m x 4.2  m closed-section,  max  airspeed  110  m/s. 

(3)  NASA  Langley  6.6  m x 4. 4 m closed  or  open-section,  max  airspeed  100  m/s. 

(4)  Boeing-Vertol  6.1  m x 6.1  m closed  or  open-section,  max  airspeed  130  m/s. 

(5)  Lockheed-Ceorgia  7.1  m x 4.9  m closed-section  max  airspeed  110  m/s. 

(6)  NAE  Ottawa  9*1  m x 9*1  m closed-section,  max  airspeed  60  m/s. 

New  large  subsonic-tunnels,  though  intended  primarily  for  improved  aerodynamic  testing,  are  clearly 
also  of  importance  for  noise  testing.  In  particular,  the  DNW  German-Netherlands  windtunnel^4  is  now  to  be 
built  by  1980  at  NLR  (North  Polder),  with  interchangeable  closed  and  open  test-sections  8mx6mx  18m 
length,  max  airspeed  100  m/s,  and  closed  return  circuit  (contraction-ratio  9).  For  aerodynamic  testing, 
alternative  closed  test-sections  may  also  be  provided,  probably  9&  m x 9^  m with  max  airspeed  55  m/s,  and 
6 m x 6 m with  max  airspeed  130  m/s.  A ’ventilated*  working-chamber  acoustically  lined  will  be  provided 
for  noise  testing  with  the  8 m x 6 m open  test-section  configuration.  The  tunnel  is  expected  to  provide 
a reasonably  quiet  test-section  primarily  because  the  drive-fan  has  been  designed  with  a lower  tip— speed 
and  more  moderate  aerodynamic  loading  than  previously,  presumably  accepting  other  penalties.  But  acoustic 
inserts  within  the  tunnel  circuit  to  further  reduce  background  noise  at  the  test-section  will  probably 
be  limited  to  absorber  treatment  of  the  corner  vanes,  to  preclude  large  power-factor  penalties  and  other 
constructional  difficulties. 

The  possible  'European  low-speed  tunnel'  recently  studied  by  the  AGARD  LaWs  Group*  was 
recommended  to  have  a closed  test-section  of  up  to  25  m x 19  m and  a maximum  airspeed  of  130  m/s.  From 
a noise-model  testing  viewpoint  the  largest  possible  atmospheric  design  (with  facility  for  providing  an 
open  test-section)  would  be  preferred  rather  than  a smaller  pressurised  version  and  restrictive  closed 
test-section,  while  a quiet  drive  with  some  acoustic  treatment  of  the  tunnel  circuit  and  test-section 
would  be  wanted  assuming  that  the  aerodynamic  or  cost  penalties  were  tolerable.  Admittedly,  since  ouch 
a tunnel  now  seems  unlikely  to  be  completed  for  at  least  a decade,  directional  acoustic  receivers  together 
with  other  new  discriminatory  techniques  may  by  then  prove  sufficiently  practical  and  flexible  to  allow 
substantial  relaxation  of  such  acoustic  treatments  (for  special  tests  at  least),  though  other  noise-field 
study  capabilities  could  become  correspondingly  impaired  and  more  complex. 

While  it  would  be  unrealistic  to  suppose  that  such  a LaWs  tunnel  (25  m x 19  m)  would  satisfy  all  the 
development  requirements  of  the  next  two  or  three  decades,  the  cost-benefit  justification  of  proceeding 
upwards  to  the  next  much  larger  size  (60  m + tunnel)  to  ensure  near  full-scale  noise  testing  could  be 
questioned.  'Itois  could  in  part  depend  on  the  progress  made  with  noise -re duct ion  and  testing  techniques 
in  the  meantime,  and  on  whether  much  greater  reductions  than  say  10  dB  below  the  current  standards  of 
FAR  Part  36/lCAO  Annex  16  will  even  then  be  demanded  in  view  of  associated  economic  penalties.  Moreover, 
it  could  be  argued  that,  by  the  time  such  a very  large  tunnel  (60  m + ) could  be  made  available  in  Europe 
for  extensive  noise  testing  (?  1990  +),  the  remaining  demands  from  a noise-testing  viewpoint  could  be  more 
reasonably  met  then  by  an  intelligent  combination  of  other  large  acoustic  and  aerodynamic  tunnels  (then 
available),  complemented  by  tracks,  other  ground-based  facilities  and  in-flight  testing,  all  integrated 
with  much  more  advanced  theoretical  frameworks  (Fig  2). 
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SPECIAL  FACTO RS  IN  ACOUSTIC  TUNNEL  DESIGN  AND  APPLICATION 
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and  Model -Scale 


Anechoic  chambers  have  long  been  exploited  for  conventional  acoustic  research,  to  provide  a 
controlled  and  sheltered  environment  in  which  the  generation  and  propagation  characteristics  of  noise 
sources  can  be  studied  consistently  in  the  absence  of  confusing  reflections,  and  where  far-field 
properties  (as  well  as  near-field)  can  be  accurately  measured  if  the  chamber  is  sufficiently  large 
relative  to  the  wavelength  and  spatial  extent  of  the  source.  In  principle,  similar  techniques  can  be 
employed  in  the  anechoic  design  and  application  of  windtunnel  test-sections  for  aircraft  noise  research, 
though  a variety  of  special  testing  requirements  can  then  arise  as  discussed  throughout  this  paper. 


As  a rough  working  rule  for  the  acoustic  treatment  of  tunnel  test-section  boundaries,  adequate 
absorption  of  incident  sound  energy  can  be  achieved  by  foam  sheet  covering  (thickness  t)  for  wavelengths 
up  to  ,1X  s 2t,  or  by  foam  wedges  (height  h)  up  to  s 5h.  Nevertheless  in  practice  there  can  be 

significant  regions  which  are  not  amenable  to  appropriate  acoustic  treatment  for  aerodynamic  or  structural 
reasons,  including  downstream  or  upstream  facing  areas  in  or  at  the  ends  of  the  tunnel  circuit;  these 
surfaces  can  cause  troublesome  reflections  unless  they  are  at  relatively  large  distances  away  from  the 
model  noise  source  and  measurement  points.  For  open-jet  tunnels,  an  adequately  anechoic  test— section  can 
be  provided  without  appreciable  aerodynamic  interference  on  the  test— section  airflow,  simply  by 
appropriate  acoustic  lining  of  the  large  working-chamber  well  clear  of  the  open-jet  boundaries;  but 
acceptable  treatment  of  the  collector  entry  and  of  any  supporting  structure  for  the  jet  nozzle  can  be 
difficult.  For  closed-jet  tunnels,  the  acoustic  lining  of  the  test-section  tends  to  be  more  limited 
because  the  surface  presented  to  the  airflow  has  to  be  relatively  smooth,  streamlined  and  hard-wearing. 

The  outer  covering  should  preclude  objectionable  aerodynamic  interference  with  the  test-section  airflow, 
or  the  generation  of  additional  airflow  noise,  while  not  impairing  the  sound  absorption  efficiency  of 
the  particular  scheme  nor  allowing  deterioration  due  to  long-period  scrubbing  effects. 

The  full-scale  frequency  range  (F  . to  F ) of  subjective  interest  for  the  prediction  of  perceived 
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noise  levels  is  typically  from  50  Hz  to  10  kHz.  The  lower  limit  on  measurement  frequency  in  model  tests 
(fmin)  is  usually  prescribed  by  the  increasing  difficulty  of  providing  an  adequately  anechoic  test— chamber 
at  lower  frequencies,  though  the  problems  are  more  tractable  with  an  open  test-section  (cf  closed)  since 
the  acoustic  treatment  of  the  solid  boundaries  (walls)  is  then  far-removed  from  the  test-section  airflow. 
The  upper  frequency  limit  in  model  tests  (fmax)  is  usually  determined  by  the  reductions  in  microphone  size 
necessary  to  ensure  adequate  frequency  response  and  spatial  resolution  at  the  higher  frequencies,  though 
with  reduced  signal  strength,  and  by  the  problems  of  adequate  allowance  for  atmospheric  attenuation  and 
directivity  corrections  with  the  higher  frequency.  Now,  from  non-dimensional  parameter  considerations, 
frequencies  should  scale  inversely  as  the  corresponding  linear  dimension  (full-scale  L or  model-scale  f) 
at  the  same  airspeed.  Hence,  to  ensure  an  adequate  frequency  range  at  model  scale  of  full-scale 
subjective  interest, 


f . n F . L 
min  min 


f l * F L 
max  max 


thus,  the  permissible  model  size  is  correspondingly  limited  if  full-scale  needs  are  to  be  covered,  in  that 

p . /f  . * 1/ l » f Jr 

min'  mm  7 max7  max 


For  example,  to  preclude  troublesome  source-noise  reflections  at  the  microphone  measurement  points 
in  the  RAE  24  ft  tunnel,  some  sound  absorbing  wedges  0.3  m high  have  now  been  added  over  critical  areas, 
on  top  of  the  foam  sheets  0.075  m thick  which  already  line  the  boundaries  of  the  chamber  housing  the 
open  test-section  (Fig  15).  The  results  of  tone  burst  tests  (Fig  19)  have  validated  estimates  that  this 
combined  sound-absorption  treatment  should  now  be  effective  for  source-noiso  frequencies  down  to  200  Hz 
instead  of  the  earlier  2 kHz  with  the  foam  sheets  only.  Moreover,  recent  experience  from  noise-model 
tests  has  confirmed  that  any  noise  reflections  inside  the  acoustically-treated  working-chamber  are  indeed 
negligible  in  practice  down  to  200  Hz,  except  possibly  in  the  forward  arc  which  can  be  affected  by  the 
presence  of  large  untreated  areas  of  the  corner  immediately  upstream.  The  downstream-facing  concrete-wall 
of  the  corner  appears  to  act  as  an  efficient  reflector  of  low  frequency  noise  (<1  kHz)  from  models  in  the 
test-section,  with  the  corner  vanes  acting  fortunately  as  a wave  guide  for  the  higher  frequencies. 

The  accuracy  of  measurement  using  a cobination  of  £ in  and  \ in  diameter  microphones  might  also  be 
adequate  with  extreme  care  up  to  about  80  kHz,  tolerating  some  fall-off  in  precision  at  high  frequencies 
with  low  PNL  weightings.  Thus,  using  the  preceding  inequality  relation  for  l/ L,  with  the  declared 
practical  frequency  ratios 


F . /f  . 
mm7  mm 


50  Hz/200  Hz  and 


10  kHz/QO  kHz  , 


models  of  linear  scale  between  ^ and  £ full-scale  could  be  tested  over  the  whole  frequency  range  of 
practical  interest  in  the  24  ft  tunnel  test-section;  if  of  course  compatible  on  other  aero-acoustic 
counts,  as  discussed  later.  Such  arguments  are  not  intended  to  decry  the  usefulness  of  smaller— scale  or 
larger-scale  models,  particularly  over  more  limited  ranges  of  frequency;  but  rather  to  stress  the 
importance  of  matching  the  model  size  and  measurement  frequency  range  to  the  capabilities  of  the  particular 
anechoic  chamber  and  of  the  available  instrumentation,  and  to  clarify  needs  to  improve  the  relevant 
capabilities.  More  generally,  the  model  size  has  to  be  made  compatible  also  on  a variety  of  other 
aero-acoustic  counts,  as  discussed  in  the  following  sections. 

3.2  Acoustic  Constraints  of  Test-Section  Size  and  TVp«‘ 

The  extent  of  the  near-field  region  from  the  noise  model  depends  in  general  on  the  noise  source 
type  (monopole,  dipole,  quadrupole)  and  the  intensity.  But,  for  a compact  noise,  it  is  roughly  of  the 
order  of  one  or  two  wavelengths.  Thus,  to  ensure  that  the  acoustic  far-field  noise  conditions 
(spherical  radiation)  are  attained  within  the  test-section  airstream  (radius  Rair)»  the  latter  must  extend 

to  say  at  least  1.5  times  the  maximum  wavelength  X (»  a/f  ) of  interest  from  the  model  noise  source. 
v max  min 
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Moreover,  to  provide  measurement  conditions  free  of  the  boundary  near-field  interference  effectB,  the 
measurement  points  should  be  located  at  least  a distance  (Bmjc)  of  say  0.3^max  frorT1  any  acoustically 
treated  wall  or  airstream  'free-jet*  mixing  boundary.  Hence,  as  illustrated  diagrammatical ly  by  Pig  20, 
for  a centrally  located  compact  noise  source, 


R > 1.5  x (a/f  ) 
air  v ' Bin' 


0.3  (a/f  . ) . 
v ' min' 


The  advantages  of  employing  a large  test-section  are  clearly  evident  from  this  aspect  of  permitting 
adequately  long  wavelengths  (low  frequencies),  appropriate  to  large  model  size. 

For  example,  in  the  RAE  24  ft  tunnel  the  radius  of  the  uniform  airstream  is  at  least  3 m,  the 
thickness  of  the  free-jet  mixing  boundary  is  about  1 m,  and  the  acoustically-treated  walls  of  the 
surrounding  chamber  are  more  than  2 m distance  outside  this  mixing  boundary.  Thus,  for  model  noise  source 
locations  close  to  the  test-section  axis  as  for  example  with  a centrally-mounted  small  jet  or  fan, 
microphone  measurements  of  far-field  noise  should  be  feasible  inside  the  uniform  airstream  region  for 
source-noise  wavelengths  up  to  about  1.7  m (3  m/l.8);  and  possibly  outside  the  airstream  for  wavelengths 
up  to  about  2.0  m (3  m/l • 5 ) - On  this  basis  therefore,  measurement  frequencies  down  to  at  least  200  Hz 
(340  m/s  + 1.7  m)  could  be  envisaged  without  significant  restrictions  due  to  far-field  and  free-field 
requirements;  taking  full  advantage  also  of  the  existing  acoustically-treated  working-chamber  with  its 
acceptable  ’anechoic*  properties  down  to  200  Hz,  appropriate  to  models  up  to  \ scale  (Section  3.l)« 
Correspondingly,  for  aircraft  models  with  a noise  source  as  far  out  as  halfway  from  the  test-section 
centreline  to  the  airstream  boundary  or  about  1.5  m from  both,  measurement  frequencies  down  to  at  least 
400  Hz  (up  to  ^ scale)  could  be  tolerated. 

An  open  airstream  boundary  can  also  allow  some  noise  measurements  well  outside  the  test-section 
airstream,  with  the  microphones  in  nominally  still  air  while  still  remaining  within  the  acoustically- 
treated  working-chamber  (Fig  20).  Such  ’outside1  measurements  are  subject  to  considerations  of  relatively 
weaker  signal  strength  at  the  more  distant  measurement  points  and  to  some  doubts  concerning  corrections 
for  noise  propagation  characteristics  across  the  airstream  mixing  boundary,  as  discussed  in  Section  2.3. 

On  the  other  hand,  for  a model  size  prescribed  as  acceptable  from  the  acoustic  wavelength  constraints 
related  to  airstream  size  as  here  and  also  from  aerodynamic  constraints,  such  outside  measurements  can 
reduce  geometrical  far-field  corrections  associated  with  spatially  large  distributions  of  model  noise 
sources,  as  discussed  in  Section  3-3*  In  the  RAE  24  ft  tunnel  the  present  acoustic  curtain  could  then  be 
withdrawn,  with  the  whole  hangar  space  cleared  and  critical  parts  given  acoustic  treatment,  to  provide  a 
large  addition  to  the  anechoic  working-chamber  space  to  one  side  of  the  airstream^.  In  the  UTRC  acoustic 
research  tunnel,  with  an  airstream  equivalent  diameter  of  only  about  one-tenth  the  RAE  24  ft,  far-field 
noise  measurements  are  invariably  made  outside  the  airstream  and  typically  at  distances  some  three 
airstream  diameters  away  from  a model  located  on  the  airstream  centre-line1^  . 

3.3  Acoustic  Constraints  of  Model  Geometry  and  Type 

With  practical  models,  as  distinct  from  single  compact  noise  sources,  the  finite  geometry  and 
character  of  the  spatially  large  distribution  of  noise  source  elements  across  and  along  the  tunnel 
airstream  need  to  be  allowed  for  to  ensure  attainment  of  far-field  measurements.  For  then,  the  extent  of 
the  near-field  of  the  distributed  noise  source  depends  strongly  not  only  on  the  wavelength  (or  frequency) 
of  interest,  but  also  on  the  relevant  characteristic  dimension  of  the  noise  source  and  the  possible 
variation  of  predominant  frequency  and  sound  power  along  its  extent.  Indeed,  the  choice  of  characteristic 
dimension  itself  could  vary  with  the  frequency  band  and  noise  measurement  direction  of  primary  concern. 

The  formal  specification  of  general  working  rules  for  predicting  the  near  field  limits  for  practical  noise 
models  covering  our  interests  is  thus  still  difficult.  Nevertheless,  this  feature  can  be  of  particular 
concern  in  the  sizing  of  ground-based  testing  facilities  and  of  the  models  to  be  tested  in  them. 

As  a simple  example,  it  could  be  postulated  crudely  that  adequate  geometric  far-field  measurements 
could  be  achieved  (say  within  +£  dB)  at  distances  from  the  model  source  distribution  exceeding  some 
multiple  of  the  source  characteristic  dimension  (eg  >5  times);  effectively  restricting  the  allowable 
subtended  angle  by  the  source  distribution  at  the  measurement  microphone  location  (within  +£°). 
Correspondingly,  the  characteristic  dimension  for  fan-intake  noise  could  reasonably  be  assumed  to  be  of 
the  order  of  a fan  diameter  (> dp ^ ) centred  geometrically  about  the  intake  axis;  or,  for  jet-efflux 
noise,  of  the  order  of  several  jet  exit  diameters  (>  5 djet)  centred  geometrically  a few  jet  diameters 
downstream  of  the  nozzle  exit,  according  to  the  frequency  bandwidth  of  interest.  Then  if  far-field 
conditions  have  to  be  sensibly  achieved  within  the  test-section  airstream  radius  Ra^r  (Fig  20),  for  a 
simple  fan  or  jet  model  centrally  located 

D * 2R  . > 10d.  : or  D > 50d . . . 

air  air  fan  air  jet 

Again,  on  these  crude  arguments,  a typical  value  Dair  s 6 m for  the  24  ft  open-jet  tunnel  (excluding  the 
mixing  boundary)  would  imply  the  acoustic  model  constraints 

d_  < 0.6  m : or  d , < 0.12  m ; 

fan  jet 

which  could  well  imply  models  smaller  than  scale.  Thus  such  a model  ’geometric*  size  constraint  can 
become  as  significant  as  the  ’wavelength*  constraint  of  the  preceding  section.  More  generally,  other 
relevant  factors  such  as  model/rig  difficulties  and  aerodynamic  constraints  also  have  to  be  allowed  for 
at  the  same  time. 

For  an  open-jet  tunnel,  with  the  test-section  airBtream  surrounded  by  a much  larger  anechoic 
chamber,  it  could  be  argued  that  full  development  to  such  geometric  far-field  conditions  need  not  be 
achieved  until  well  outside  the  airstream  jet-*nixing  boundary.  Then,  because  of  the  alleviation  on  the 
foregoing  constraint  arguments,  relatively  larger  models  might  be  permitted,  assuming  of  course  that  other 
acoustic  wavelength  constraints,  aerodynamic  constraints  and  avoidance  of  distortion  of  the  airstream 
boundary  are  not  already  limiting  factors.  Nevertheless,  the  use  of  microphone  locations  outside  the 
airstream  mixing  boundary  can  introduce  doubts  concerning  noise  propagation  characteristics  across  the 
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varied  and  complex  flow  field  between  the  model  source  and  the  microphone  (Section  2.3),  particularly  if 
the  source-noise  characteristics  are  unknown  or  varied. 

An  interesting  illustration  is  in  the  use  of  a small  * free-jet*  tunnel  for  testing  of  a model-jet 
coaxially-centred  on  the  mainstream  jet,  with  the  need  to  achieve  a model-scale  as  large  as  possible 
without  excessive  testing  constraints.  Here,  from  turbulent  jet-flow  development  concepts  and  practical 
experience,  it  can  be  argued  that  the  aero-acoustic  interference  of  the  mainstream-jet  development  on  the 
model-jet  source-noise  generation  is  only  negligible  if  the  ratio  of  mainstream-jet  diameter  to  model-jet 
diameter  is  at  least  10.  However,  unless  this  diameter  ratio  is  even  much  greater  ^ 50  say),  far-field 
measurement  will  necessitate  microphone  locations  well  outside  the  mainstream  rather  than  within.  Then 
the  noise-propagation  corrections  associated  with  refraction  effects  through  the  mainstream  external 
mixing  boundary  can  be  substantial  for  realistic  Mach  numbers;  see  Section  2.3  and  Fig  13.  Of  course 
the  problem  becomes  much  more  complex  and  the  available  corrections  more  questionable  if  the  model-jet  is 
inclined  to  the  mainstream  or  off-centre,  or  if  airframe  installation/interaction  effects  are  to  be 
explored. 

Overall,  in  any  practical  noise  experiments,  it  is  advisable  to  explore  the  sound  field  at 
different  distances  as  well  as  different  directions  from  the  model,  in  order  to  establish  that  adequate 
far-field  conditions  have  been  reached  at  the  measurement  points  to  the  standard  of  accuracy  required. 

More  specifically,  further  quantification  of  the  type  of  constraints  raised  in  this  and  the  preceding 
section  could  now  profitably  follow  from  a declaration  and  critical  analysis  of  relevant  experimental  and 
theoretical  results,  supplemented  by  some  specially  directed  and  carefully  controlled  explorations  of 
noise  fields  during  future  model  testing  programmes  in  acoustically-treated  tunnels.  There  is  an  urgent 
need  for  such  reliable  guide-lines  to  expedite  more  profitable  designs  of  models,  facilities  and 
experiments  for  investigating  forward-speed  effects  on  noise.  Even  static  test  results  for  elementary 
models  (if  precise)  could  help  the  formulation  of  useful  working  limits  for  far-field  measurement 
locations  under  forward-speed  conditions, in  the  light  also  of  reasonable  theoretical  concepts;  for 
example  from  diagnostic  field  studies  on  small-scale  models  in  large  anechoic  chambers. 

3.4  funnel  Background  No it 

"typically,  the  background  noise  level  in  the  tunnel  test-section  or  working-chamber  must  be  10  dB 
or  more  below  tj. 1 model  source  noise,  over  the  frequency  range  of  interest  at  the  measurement  points,  to 
ensure  adequate  resolution  (within  l-  dB)  of  broadband  spectra  without  reliance  on  special  discriminatory 
techniques.  Large-scale  models  are  of  course  required  for  good  aero— acoustic  similarity  and  to  preclude 
microphone  measurement  problems  at  high  frequencies,  but  tunnel  background  noise  tends  to  increase  at 
lower  frequencies  and  anechoic  chamber  demands  become  more  difficult.  Furthermore,  it  is  worth  noting 
that  the  source  noise  levels  available  for  measurement  at  acceptable  microphone  locations  may  not 
increase  with  greater  model-scale,  if  far-field  limitations  at  the  correspondingly  lower  frequencies  for 
similarity  necessitate  also  correspondingly  greater  microphone  distance  from  the  source.  The  principal 
factors  contributing  to  the  background  noise  are  included  in  Fig  9 as  part  of  the  interacting  acoustic/ 
aerodynamic  elements  associated  with  model  noise  measurement  in  windtunnels. 

External  ambient  noise  effects  may  warrant  particular  consideration  in  the  design  of  open-return 
(straight-through ) tunnels  and  for  test-sections  not  protected  by  an  acoustically— treated  working-chamber. 
Structural  transmission  of  mechanical  vibration  and  motor  noise  from  the  tunnel  drive  system  may  require 
special  precautions,  but  problems  can  be  avoided  by  heavily  constructed  and  damped  components  with 
appropriate  isolation  joints.  Minimisation  of  model  rig  noise  may  need  special  attention  when  air  has  to 
be  supplied  to  model  jets  and  fans,  or  to  resonance-type  generators,  since  internal  airflow  noise  from 
valves  and  pipework  has  to  be  avoided,  along  with  externally -generated  noise  from  possible  vortex  shedding 
and  other  aerodynamic  interference  by  supporting  structure/wires.  Spurious  noise  can  likewise  be 
generated  by  measurement  devices  and  their  supports  located  in  the  airstream,  but  the  influence  of 
turbulent  airstream  pressure  fluctuations  on  the  noise  recorded  by  the  microphone  (Section  3.6)  or  of 
icrophone  support  vibrations  tends  to  be  of  more  practical  concern. 

The  residual  background  noise  elements,  apart  also  from  possible  working-chamber  boundary 
constraints  on  model  noise  propagation  (Section  3.2),  may  be  considered  to  make  up  the  intrinsic 
background  noise  associated  with  the  tunnel— fan  and  circuit  aerodynamics.  In  general,  the  design 
characteristics  needed  foi  a good  aerodynamic  tunnel  with  uniform  low-turbulence  flow  in  the  test-section 
tend  also  to  help  towards  providing  a quiet  tunnel^by  minimising  unsteady  separated  flow  conditions  around 
the  circuit  and  by  careful  aerodynamic  design  of  the  fan-in-duct  combination.  Again,  for  aerodynamic 
reasons,  anti -turbulence  screens  and  honeycombs  are  usually  located  in  low— airspeed  regions,  so  they  need 
not  create  any  significant  self— noise  problems  with  a reasonable  tunnel  contraction— ratio  (say  >6). 
However,  the  possibility  of  embarrassing  self-noise  generation  by  other  tunnel  flow-control  devices  must 
be  kept  in  mind;  for  example,  essential  turning  vanes  and  support  struts/wires  in  the  circuit  flow  must 
be  designed  or  damped  to  avoid  intrusive  noise  due  to  * singing*.  Equally  well,  any  inserts  for  acoustic 
treatment  should  neither  promote  significant  self-noise  in  the  flow  (Section  3.5) » nor  introduce 
troublesome  wakes. 

In  respect  of  choice  of  test-section  type,  with  either  free  or  walled  boundaries  at  the  edge  of  the 
airstream,  the  open-jet  at  first  sight  would  appear  the  more  attractive  for  low  background  noise  levels. 
The  noise  emanating  from  the  contraction  nozzle  and  the  collector/diffuser  can  then  radiate  freely  (at 
least  hemispherical ly  out  of  the  teBt-sect ion)  along  with  that  from  the  model  under  test,  without 
significant  reflection  from  the  acoustically-treated  distant  boundaries  of  the  surrounding  large 
working-chamber.  In  principle  the  achievable  lower  limit  to  background  noise  may  then  be  expected  to  be 
set  by  the  broadband  quadrupole-type  noise  produced  by  the  turbulent  mixing  at  the  free-jet  boundary,  for 
measurement  points  well  within  the  airstream  or  several  diameters  outside.  However,  a special  feature 
for  most  open-jet  tunnels  is  the  apparent  need  for  *tabs*  protruding  from  the  jet-nozzle  periphery  into 
the  airstream,  and/or  for  venting  of  the  collector  by  a cowl  or  wall  slots,  in  order  to  preclude  possible 
mainstream  jet  instability  and  low-frequency  unsteadiness  over  the  operational  speed  range  (Section  3.8). 
For  very  quiet  tunnels,  aero— acousti c problems  may  then  include  the  possible  excess  noise  and  jet-boundary 
thickening  from  such  tabs,  collector  noise  from  jet  impingement  and  its  possible  variation  with 
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aerodynamic  model  testing  condition,  and  adequate  sound  absorption  treatment  of  the  col lector-entry /cowl 
still  satisfying  aerodynamic  and  structural  needB.  Correspondingly  for  closed  test— sections,  excess  noise 
can  be  generated  by  the  high-speed  airflow  over  the  test-section  walls,  especially  with  acceptable 
acoustic  lining  which  itself  may  be  of  limited  effectiveness  because  of  other  aerodynamic  constraints, 
while  other  spurious  noise  and  aero-acoustic  constraints  can  be  associated  with  the  essential  location  of 
even  the  far-field  microphones  in  the  airstream. 

The  tunnel  airflow-drive  represents  of  course  the  primary  source  of  background  noise  in  the 
test-section,  unless  especially  designed  to  have  low  noise  characteristics  (Section  3 - 7 ) » and  located  far 
enough  away  from  the  test-section  that  sufficient  circuit  length  is  available  in-between  to  permit 
adequate  in-duct  sound-absorption  treatment  (Section  3»5)»  with  tolerable  aerodynamic  performance 
penalties.  For  example  the  RAE  24  ft  tunnel,  with  an  old  design  of  tunnel  fan  at  the  collector  end  of 
the  test-section  (Fig  15),  has  its  usable  speed  (acceptable  background  noise)  restricted  to  below  30  m/s 

for  the  study  of  the  practical  noise  sources  associated  with  the  low  velocity  jets  (Fig  21)  and  quiet  fans 

of  modern  engines,  while  airframe  noise  is  completely  swamped  at  least  in  the  far-field.  As  expected  for 
predominantly  dipole-type  sources,  the  overall  sound-pressure  level  of  the  measured  background  noise 
increases  almost  as  V&  (Fig  22),  being  nearly  15  dB  higher  at  V<r  * 50  m/s  (present  top-speed)  than  30  m/s. 
To  ensure  that  noise  spectra  and  directivity  patterns  can  be  simulated  more  correctly  at  model— scale  or 
can  be  extrapolated  with  greater  confidence  to  full-scale,  tunnel  usable  speeds  and  Mach  numbers  should 
approach  more  closely  those  for  take-off  and  landing,  eg  at  leant  50  m/s  (100  kn)  and  preferably  up  to 
100  m/s  (200  kn). 

Comparison  of  background  noise  studies  in  the  RAE  24  ft  tunnel  (7.3  m diam.)  with  those  in  the 

5 ft  scale-model  tunnel  (l.5  m diam.)  show  that  the  two  noise  spectra  are  not  only  similar  in  shape 

(Fig  23),  but  also  yield  almost  identical  sound  pressure  levels  when  compared  at  the  same  airspeed  and 
the  same  values  of  Strouhal  number,  here  defined  as  the  product  of  frequency  and  test-section  diameter 
divided  by  airspeed.  Such  results  have  given  us  considerable  confidence  to  now  modify  the  small 
5 ft  tunnel,  for  acoustic  tunnel  research  including  some  new  aspects  of  quiet  fan-in-duct  design  and 
circuit  acoustic  treatments,  as  well  as  for  direct  aerodynamic  and  acoustic  checks  on  possible  profitable 
improvements  to  the  large  24  ft  tunnel  (Figs  1 6 and  17). 

As  a convenient  illustration  and  measure  of  the  low  levels  of  tunnel  background  noise  which  can  be 
achieved  in  practice,  the  sound  pressure  levels  for  the  successful  small  acoustic  tunnels  built  at  UTRC 
(effective  jet  diam.  0.7  m)  and  NSRDC  (2.4  m)  are  as  much  as  40  dB  lower  than  for  the  existing  untreated 
tunnels,  when  compared  at  the  same  speed  and  at  the  same  Strouhal  number  (Fig  24).  Broadly  speaking,  as 
regards  acceptable  standards  of  background  noise  levels,  representative  powered  models  suitable  for 
far-field  noise  experiments  in  such  acoustic  tunnels  can  usefully  be  tested  at  airspeeds  up  to  50  m/s  at 
.east,  without  significant  background  noise  problems  and  without  the  need  for  discriminatory  techniques. 
However,  spurious  noise  generated  by  the  model-rig  and  in-flow  microphone  support  (unless  properly 
streamlined)  can  now  even  exceed  the  intrinsic  background  noise  of  the  quiet  tunnel  and  also  exceed  the 
airframe  self-noise  from  a clean  unpowered  model,  all  usually  rising  together  with  increase  in  tunnel 
airspeed. 

3.5  Noise  Absorption  Treatment  of  Tunnel  Circuit  and  Aerodynami c Implications 


The  design  of  in-duct  sound-absorption  treatments  has  progressed  considerably  for  commercial 
ventilation  systems,  where  airspeeds  are  usually  low  (< 10  m/s)  and  airflow  quality  seems  a minor 
consideration.  However,  significant  unknowns  and  restraints  can  arise  in  attempts  to  apply  efficiently 
and  economically  such  techniques  to  substantially  reduce  tunnel  background  noise  by  internal-circuit 
treatments  between  the  drive-fan  and  the  test-section,  especially  with  the  much  higher  airspeeds  involved. 
Some  compromises  in  wall-lining  and  splitter  designs,  are  essential  because  of  the  following  factors: 

(a)  Local  airspeeds  and  airstream  pressure  losses  tend  to  rise  with  silencing  efficiency  over  a wide 
range  of  frequency,  because  of  the  more  extensive  circuit-flow  blockage  and  larger  wetted  areas,  even 
with  careful  streamlining.  Broadly  speaking  the  absorption  of  high-frequency  noise  requires 
closely-spaced  splitters,  whereas  low-frequency  absorption  demands  greater  lengths. 

(b)  Low  airstream-pressure  losses  are  needed  to  ensure  high  airspeeds  in  the  test-section  with 
acceptable  power  and  cooling  requirements. 

(c)  Objectionable  self-noise  and  reductions  in- absorption  efficiency  can  be  caused  by  high  speed 
airflow  over  the  absorber  surface  areas. 

(d)  Reductions  of  absorber  efficiency  may  be  associated  with  the  needs  for  surface  protective  covering 
and  structural  integrity  in  high-speed  airflows  without  costly  maintenance  over  a period  of  several 
years. 

Such  considerations  suggest  that  the  most  favourable  tunnel-circuit  locations  for  the  application  of 
sound-absorption  techniques  are  where  the  airspeed  is  near  the  minimum,  ie  in  the  settling  chamber 
upstream  of  the  contraction  and  after  considerable  diffusion  well  downstream  of  the  test-section, 
commensurate  of  course  with  the  fan  location,  and  with  the  circuit  type  and  geometry.  However,  for 
acoustic  modifications  to  existing  aerodynamic  tunnels,  or  for  the  design  of  new  dual-purpose  tunnels 
where  aerodynami c-<n ode 1 testing  still  has  much  greater  priority  than  noise-model  testing,  other 
conflicting  practical  aspects  and  economic  constraints  can  be  limiting  factors. 

To  illustrate  practical  acoustic  treatment  considerations,  some  design  factors  of  acoustic  splitters 
will  be  briefly  outlined  and  conveniently  quantified  in  the  context  of  some  feasible  practical 
modifications  to  the  RAE  24  ft  tunnel  circuit,  retaining  the  existing  concrete  shell  and  anechoic  working 
chamber  (Fig  15).  Envisaged  modifications  to  the  internal  circuit^  naturally  centre  on  the  provision  of 
a new  low-noise  fan  re-located  in  the  back  leg,  instead  of  immediately  downstream  of  the  test-section,  so 
that  duct  length  also  becomes  available  upstream  and  downstream  of  the  fan  to  enable  sound-absorption 
treatment  to  be  incorporated  as  required.  The  two  typical  schemes  shown  in  Figs  16  and  17  both  include 
uniform  blocks  of  low-frequency  and  high-frequency  splitters  as  part  of  the  multi-passage  diffuser 
downstream  of  the  fan,  but  the  upstream  arrangements  are  radically  different. 
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The  first  scheme,  essentially  maintaining  the  large  test-section  Bize  (7»3  m diam.)  with  the  low 
contraction-ratio  (3.5/1 ),  locates  similar  blocks  of  low-frequency  and  high-frequency  splitters  in  the 
first  diffuser  because  primarily  a sufficient  straight-length  is  available  only  there  in  practice 
(Pig  1 6 ) ; then  representing  a reasonable  compromise  between  acoustic  efficiency  and  duct  airflow  pressure 
loss  without  producing  significant  airstream  distortion.  However,  since  the  circuit  airspeed  is  highest 
in  the  first  diffuser,  splitter  self-noise  there  may  become  a serious  design  factor,  as  well  as  splitter 
aerodynamic  drag  which  raises  appreciably  the  tunnel  drive  power  required  for  a prescribed  test-section 
speed.  The  possibility  of  making  the  splitters  sinusoidal  along  their  length  to  achieve  increased  sound 
attenuation  by  elimination  of  • line-of-sight * through  the  block  is  precluded  here  by  lack  of  length  when 
adapting  this  existing  facility,  but  it  might  be  worthwhile  to  take  advantage  of  the  change  of  duct 
direction  through  the  first  and  second  corners. 

The  second  scheme,  accepting  an  appreciably  smaller  test— section  size  (eg  5*5  m diam.)  to  provide  a 
worthwhile  increase  in  contraction-ratio  and  hence  improvements  in  top  speed  and  flow  quality,  inherently 
decreases  the  circuit  volume  flow  rate  and  likewise  the  required  fan  tip— speed  (nearly  halved).  So 
fan-generated  noise  and  splitter  self-noise  are  also  reduced  for  a given  test-section  speed,  alleviating 
the  acoustic  treatment  required  to  achieve  the  prescribed  background  noise  level  in  the  test  section. 

Thus,  in  Fig  17»  no  acoustic  treatment  is  attempted  in  the  first  diffuser,  but  all  the  duct  surfaces 
through  the  first  and  second  corners  are  chosen  to  be  of  absorptive  material  to  take  advantage  of 
directivity  effects,  while  treatment  of  the  turning  vanes  in  the  second  corner  at  least  should  be 
beneficial.  Perhaps  two  acoustic  splitters  of  unequal  length  might  also  be  added  between  the  first  and 
second  corners,  spaced  unevenly  in  an  attempt  to  equalise  the  flow  pressure  loss  in  the  three  divided 
passages;  but  the  extra  sound  absorption  could  be  outweighed  by  the  extra  fan  noise  resulting  from  the 
undispersed  splitter  wakes  directly  entering  the  fan.  Again,  compared  with  the  first  scheme,  some 
reduction  in  the  acoustic  treatment  at  the  downstream  end  of  the  multi-passage  diffusion  from  the  fan  may 
well  be  possible. 

Estimates  of  the  acoustic  properties  of  feasible  splitter  arrangements  can  be  made  using 
developments  of  Kremer’s  theory  reported  by  Beranek  and  Schultz where  the  splitters  are  considered  to 
be  of  homogeneous  porous  material,  with  the  acoustical  impedance  assumed  to  be  a unique  function  of  the 
through-flow  resistance  R1  (Rayls/m)  of  the  material  a6  demonstrated  many  years  ago  by  NPL.  With  the 
splitter  thickness  defined  as  2d  (m)  and  the  gap  as  2h  (m)  between  the  splitters,  the  maximum  attenuation 
is  then  attained  at  a particular  frequency 

fopt  * 101 .6/  J~hd  (Hz) 

using  an  absorbent  material  with  the  •optimum1  flow  resistance 

RQpt  ■ 667- 5 y h/d^  (Rayls/m)  • 

This  peak  optimum  design  restricts  significant  noise  attenuation  to  only  a narrow  band  of  frequencies  but, 
as  illustrated  in  Fig  26,  attenuation  over  a much  wider  band  of  frequencies  can  be  obtained  if  material 
with  a higher  flow  resistance  ie  chosen,  though  then  at  the  expense  of  a lower  value  of  peak  attenuation. 
Maximum  attenuation  for  a given  splitter  length  is  obtained  if  d > h,  but  this  arrangement  can  produce 
excessive  drag  losses,  as  in  the  24  ft  tunnel  context,  where  d = 0.35h  proved  a better  compromise  between 
the  acoustic  and  aerodynamic  requirements  with  some  lengthening  of  the  splitters  to  compensate  for  the 
reduced  attenuation  per  unit  length. 

Some  exp’  oratory  small-scale  tests  of  splitter  acoustic  efficiency  by  Trebble  at  RAE,  with  pink 
noise  sources  but  without  airstream  flow,  have  confirmed  that  the  noise  attenuation  by  representative 
in-duct  splitter  blocks  did  increase  with  the  number  of  splitters  much  as  expected,  ie  with  reduction  of 
air  gap  between  adjacent  splitters  reduced,  while  substantial  benefits  could  be  achieved  by  choosing  a 
bulk  absorber  material  of  appropriate  flow  resistance  (Fig  26).  Although  the  measured  peak  attenuation 
occurred  at  the  predicted  frequenqy,  the  peak  AdB  was  substantially  less  than  the  theoretical  estimates 
when  R1  2 ^opt » while  at  the  lower  frequencies  the  attenuation  was  greater  than  estimates.  The  measured 
attenuation  varied  almost  linearly  with  splitter  length  t at  constant  thickness  2d,  ov^r  the  l/ d range 
10  to  50  studied  and  relevant  frequenqy  range  (1  kHz  to  10  kHz  here).  Protective  covering  of  the  absorber 
material  by  a perforated  plate  with  small  closely-spaced  holes  of  40$  open  area  had  little  effect  on  the 
splitter  noise-attenuation  effectiveness.  But  when  this  in  turn  was  faced  with  aircraft  linen,  to 
preclude  splitter  self-noise  (perforation  howling)  in  an  airstream,  there  was  a noticeable  reduction  in 
attenuation  effectiveness.  Complementary  experiments  are  now  being  completed  on  various  practical 
coverings  and  bonding  techniques,  in  respect  not  only  of  the  effects  on  splitter  attenuation,  but  also 
their  resulting  self-noise  and  wearing  properties  in  representative  airflows. 

The  noise  absorption  treatments  adopted  and  experience  gained  for  other  acoustic  tunnels  can 
usefully  be  referenced.  In  particular,  for  the  elaborate  NSRDC  tunnel  (Fig  3)^\  long 

•acoustic  mufflers*  are  incorporated  in  the  especially  large  legs  of  the  closed  return  circuit  immediately 
upstream  and  downstream  of  the  quiet  axial-fan  drive,  to  reduce  fan  noise  reaching  the  test-section 
particularly  ir  the  low-frequency  range  but  with  only  minor  aerodynamic  penalties.  Each  muffler  comprises 
two  sinuous  absorptive  splitters  mounted  vertically  in  the  middle  of  the  txinriel  and  one  along  each 
side-wall;  the  sinuous  bends  have  a large  radius  to  avoid  flow  separation,  while  providing  additional 
high-frequency  noise  reduction  by  eliminating  an  unobstructed  linear  sound  path  through  the  muffler,  and 
also  increasing  the  effective  length  of  the  passage  for  a given  geometric  length  of  muffler.  The 
aerodynamic  total-head  losses  for  each  muffler  were  only  about  15$  of  the  overall  loss  round  the  tunnel 
circuit  and  about  the  same  as  the  loss  through  the  cooler  or  through  the  anti-turbulence  screen  section. 
Moreover,  the  perforated  metal  coverings  of  the  absorptive  material  here  causes  no  troublesome  self-noise 
because  the  duct  airspeed  at  these  muffler  locations  is  so  low. 
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The  simpler  UTRC  tunnel  (Pig  4)  , with  its  open-return  design  and  extractor-type  centrifugal  fan 

at  the  exit,  avoids  the  need  for  acoustic  treatment  of  the  tunnel  inlet  upstream  of  the  test— section 
assuming  of  course  the  absence  of  any  external  noise  problems.  Downstream  of  the  test-section,  at  the 
end  of  the  conventional  straight  diffuser  and  just  ahead  of  the  drive-fan,  the  tunnel  circuit  incorporates 
a 2— shaped  muffler  (absorptive  and  reactive)  comprising  two  arrays  of  parallel  baffles/splitters  and  two 
lined  90°-bends,  which  serve  to  attenuate  the  fan  noise  by  at  least  50  dB  for  frequencies  down  to  250  Hz 
in  the  test-section.  Turning  vanes  were  not  installed  in  the  bends  here,  to  preclude  the  possibility  of 
discrete  frequency  noise  due  to  ’singing*  and  of  broadband  noise  generation  due  to  their  immersion  in 
turbulent  flow  from  the  diffuser. 


3.6  Tunnel  r . w » ••  i *y  r : 

The  desirability  of  good  uniformity,  steadiness,  and  low  turbulence  of  the  flow  in  the  test-section 
airstream  is  already  well  established  for  aerodynamic-model  testing.  The  possible  significance  of  such 
flew  quality  considerations  on  noise-model  testing,  either  directly  or  indirectly  through  the  influence  of 
resulting  aerodynamic  changes  on  model  noise  generation  and  propagation  characteristics,  still  needs  to  be 
clarified  and  quantified.  In  particular,  there  appears  to  be  little  quantitative  appreciation  as  yet  of 
the  influence  of  intensity  and  scale  of  the  turbulence  in  the  oncoming  mainstream  as  regards  noise 
generation  at  the  model,  except  that  the  influence  could  be  relatively  small  perhaps  for  a jet  efflux  but 
significant  for  a fan  intake.  Nevertheless,  these  aspects  certainly  cannot  be  ignored,  not  merely  for 
fan-model  noise,  but  also  for  airframe-model  noise  and  engine  installation  effects  at  least  for 
small-scale  models;  le  when  the  aerodynamic  flow  field  under  the  low  Reynolds  number  conditions  can  vary 
appreciably  with  stream  turbulence.  The  declaration  and  analysis  of  any  existing  relevant  remits  is  now 
badly  needed,  complemented  by  some  exploratory  noise  measurements  and  related  aerodynamic  studies  in 
existing  tunnels  with  known  variation  of  turbulence,  particularly  on  fan-powered  models. 

Noise  measurements  employing  a microphone  inside  the  tur.nel  airstream  (rather  than  outside)  are 
frequently  required  for  far-field  studies  as  well  as  near— field,  unavoidably  so  with  closed— jet  tunnels 
and  usually  with  large  open-jet  tunnels  (Section  2.3).  However,  RAE  experimental  research  by  T B Owen 
has  now  established  that  with  a very  quiet  tunnel  the  tunnel  background  noise,  as  measured  inside  the 
airstream  by  a microphone  even  when  fitted  with  a nose-cone  and  pointed  directly  upstream,  can  still  be 
largely  due  to  the  interaction  of  the  airflow  with  the  microphone  rather  than  the  true  quiet-tunnel  noise 
levels. 


More  specifically  theoretical  arguments  suggest  that,  if  u*  is  the  rms  longitudinal  velocity 
fluctuation  and  U the  airflow  mean  velocity,  then  the  rms  momentum— pressure  fluctuation  pA  associated  with 
the  turbulence  should  be  pUu’,  while  the  static— pressure  fluctuation  should  be  about  jf>u*^.  Thus  p£ 
should  give  approximately  the  ’pitot— pressure ’ fluctuation  experienced  by  a microphone  facing  upstream 
without  nose-cone  or  protective  grill.  Preliminary  analysis  of  RAE  experimental  results, 
for  20  log  (p^/plhi’)  as  a function  of  Strouhal  number  fD/U  where  here  D is  the  microphone  nominal 
diameter,  confirms  that  the  microphone  alone  (without  nose-cone)  measures  pUu’  as  expected  over  a 
considerable  portion  of  the  Strouhal  number  range,  (Fig  25).  The  fall-off  in  microphone  response  at  high 
frequency  is  also  in  line  with  the  reduction  in  scale  of  turbulence  (L*U/2xf),  as  expected.  However,  when 
a nose-cone  is  fitted  the  microphone  does  not  measure  Pu’^'  but  a fraction  of  pifu*  depending  on  the 
Strouhal  number,  this  fraction  being  dependent  on  nose-cone  shape.  Admittedly  this  apparent  primary 
dependence  on  pUu’  does  not  in  itself  provide  a clear  physical  explanation  of  the  microphone  response  to 
turbulence,  particularly  since  the  spectra  of  lateral  component  v’  are  similar  to  those  of  u*  in  the 
experiments  presently  completed.  Nevertheless,  the  practical  significance  of  these  results  cannot  be 
ignored  in  respect  >f  acceptable  turbulence  levels  for  acoustic  tunnels. 

More  detailed  analysis  now  being  undertaken  already  indicates  some  important  trends.  Fig  25  snows 
the  relationship  between  the  apparent  noise  level  indicated  by  the  microphone,  the  true  background  noise 
level  deduced  from  a subsidiary  experiment,  and  the  pressure-fluctuation  quantities  associated  with  the 
turbulence  for  a particularly  high  turbulence  level  (about  2$)  in  a small  free- jet  quiet  tunnel.  Reducing 
the  turbulence  level  does  result  in  the  microphone  apparent  noise  levels  being  unaltered  if 
non-dimensionalised  again  in  terms  of  pUu’;  tpu’^  falls  and  the  true  background  noise  (as  a fraction  of 
PUu*)  rises  - though  remaining  sensibly  constant  in  absolute  terms.  For  this  tunnel  it  appears  that  the 
turbulence  induced  signal  at  the  microphone  would  fall  below  the  true  background  noise  l-'vel  if  the 
turbulence  were  reduced  to  about  0.1$  for  frequencies  below  a Strouhal  number  of  about  0.5*  At  higher 
frequencies,  however,  there  would  still  remain  an  appreciable  signal  resulting  probably  from  the  airflow 
over  the  gauze  screen  on  the  nose-cone,  which  can  be  regarded  as  ’microphone  self-noise*. 

Now  for  the  practical  achievement  of  high  quality  airflow  in  tunnel  test-sections,  closed-return 
circuit  designs  are  usually  preferred  to  open-return  (straight-through)  designs.  Additionally,  the  closed 
circuit  helps  to  isolate  the  tunnel  testing  from  the  nearby  outside  environment,  thus  precluding  spurious 
changes  in  model  test  conditions  due  to  ambient  winds  and  external  noise,  while  partially  shielding  the 
surrounding  community  from  objectionable  testing  noise.  However,  for  the  avoidance  of  spurious  noise 
generation  by  models  (again  particularly  fans),  it  is  equally  important  to  ensure  that  no  significant 
distortion  of  the  test-section  airstream  can  arise  from  possible  persistence  of  the  model  wake  (or  efflux) 
round  the  closed-return  circuit.  Some  relevant  studies  have  therefore  already  been  started  in  the 
existing  fifth-scale  replica  of  the  24  ft  open-jet  closed-return  tunnel  (Fig  15);  using  nozzles  with 
relatively  large  efflux  diameter  up  to  0.13  of  airstream  diameter,  discharging  along  wind  in  the 
test-section.  Despite  the  small  contraction-ratio  (3.5*1)  and  short  circuit  length  of  this  very  old 
tunnel  design,  the  efflux  recirculation  was  barely  apparent  in  the  test-section  mean  flow  up  to  the 
maximum  ratio  (unity)  of  jet-efflux  momentum  to  tunnel-flow  momentum  tested,  except  as  a slight  lateral 
gradient  of  velocity  which  is  not  considered  significant  even  for  model-fan  testing.  The  turbulence  level 
at  high  frequencies  was  again  increased  by  only  up  to  one-third  at  large  values  of  the  momentum  ratio, 
although  it  should  be  appreciated  that  the  basic  turbulence  level  is  already  high  by  modern  aerodynamic 
standards.  In  fact  the  main  effect  of  the  large  jet  efflux  was  to  cause  slow  variations  of  velocity  in 
the  test-section,  with  a period  typically  at  least  1 sec  when  scaled  to  the  24  ft  tunnel  size,  the 
amplitude  of  this  unsteadiness  being  nearly  proportional  to  the  momentum  ratio  and  reaching  of  the 

mean  airspeed. 
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Fortunately  more  modem  circuit  designs  provide  much  longer  distance  for  the  jet  efflux  to  disperse 
before  reaching  the  tunnel  fan  remote  from  the  test-section  (not  immediately  downstream),  which  should 
reduce  recirculation  effects.  Also  slotting  of  the  collector  of  open-jet  tunnels,  as  then  feasible, 
should  reduce  the  unsteadiness  to  tolerable  values.  Nevertheless,  further  tests  are  desirable  to  quantify 
the  effects  of  high  energy  efflux  inserted  in  the  test-section,  particularly  if  directed  at  a large  angle 
to  the  airstream  direction  or  well  off-centre,  when  more  severe  distortion  may  make  it  necessary  to  devise 
a scheme  to  more  rapidly  diffuse  or  even  remove  the  jet  efflux. 

7 Tunnel  Airflow  Dr  ive 


For  subsonic  tunnels,  the  conventional  fan  system  with  its  we 11 -developed  continuously-running 
capabilities  still  t rids  to  be  preferred  for  the  tunnel  airflow  drive;  usually  of  an  axial  fan  type, 
though  not  always  so  for  straight-through  tunnels  where  other  extractor-type  fans  can  be  conveniently 
exploited.  The  often  contemplated  air-injector  drive  may  appear  simpler  than  the  fan  drive,  and  probably 
cheaper  if  appropriate  compressed-air  supplies  are  already  available  on  site.  But,  even  if  this 
pressure/induction  system  may  be  made  as  acceptably  quiet  as  the  fan  drive,  the  limitations  on  running 
periods  then  available  would  often  be  unacceptable  for  general  low— speed  testing. 

The  tunnel  fan  itself  can  contribute  a major  component  of  the  background  noise  level  in  the 
test-section,  especially  at  low  frequencies.  Consequently  the  fan  design  and  the  duct  length  available 
for  acoustic  treatment  between  the  fan  location  and  the  test-section,  both  represent  critical  features  as 
regards  background  noise  limitations  and  acceptable  airspeeds  for  any  noise-model  testing.  The  tunnel  fan 
noise  is  mainly  identifiable  as  of  broadband  dipole-type,  usually  attributed  to  lift  fluctuations  on  the 
blades  and  associated  with  vortex  shedding  at  the  t railing-edges.  Typical  experimental  results  are 
consistent  with  this,  in  that  the  fan  sound  pressure  level  tends  to  increase  as  the  fifth  to  sixth  power 
of  the  fan  rotational  speed;  a useful  crude  working  rule  when  comparing  fans  of  similar  design  under 
similar  operating  conditions  is:- 

(Fan  overall  sound  power)  « (Tip  speed)^  x (Aerodynamic  Shaft-Power)  . 

More  generally,  providing  the  fan  aerodynamic  efficiency  rj  [»  (pressure-rise  power)/(shaft  power)] 
is  known,  the  inclusion  of  the  aerodynamic  power  dissipation  factor  (l  - r^)  offers  a reasonable  basis  for 
comparing  the  noise  of  fans  of  differing  design,  since  the  aerodynamic  losses  and  noise  generation  are 
closely  related.  The  spectrum  at  a given  rotational  speed  has  a decreasing  sound  pressure  level  with 
rising  frequency,  but  with  discrete  tones  superimposed  at  the  blade  passing  frequency  and  harmonics,  whose 
intensities  can  be  a function  of  inflow  turbulence  as  well  as  tip— speed.  Increase  in  inflow  turbulence 
to  the  fan  can  also  aggravate  the  broad-band  noise. 

For  low  noise,  the  fan  should  be  designed  to  operate  near  the  condition  of  maximum  aerodynamic 
efficiency,  avoiding  significant  flow  separation  regions  on  blades,  but  with  a low  tip-speed  - certainly 
below  half  the  speed  of  sound.  Nevertheless,  it  must  be  appreciated  that  there  can  be  a significant 
variation  of  airstream  total  head  across  the  fan  entry  section,  remaining  sensibly  axisymmetric  if  due  to 
boundary  effects  in  the  test-section  and  duct  upstream  of  the  fan,  but  possibly  with  deviations  due  to 
non-axisyrometric  acoustic  treatments  of  the  upstream  ducts.  Fortunately  the  well-designed  single  fan  has 
proved  a powerful  and  accommodating  tool  for  providing  a uniform  distribution  downstream  of  the  drive 
section.  With  modern  aerodynamic  design  methods,  essentially  involving  the  choice  of  an  appropriate 
blade-twist  distribution  from  fan-hub  to  tip  for  the  expected  velocity  distribution  into  the  fan  and  the 
required  presj^re  rise  through  the  fan,  only  small  adjustments  should  have  to  be  made  to  the  predicted  fan 
design  after  appropriate  model  fan-in-duct  checks.  Broadly  speaking,  a tunnel  design  which  incorporates  a 
large  contraction-ratio  is  favourable  to  low  noise,  because  of  resulting  reductions  in  both  the 
aerodynamic  power  required  and  fan  tip  speed,  for  a prescribed  test-section  size  and  speed. 

For  example,  explorator.  fan  designs  for  the  possible  modification  to  the  24  ft  tunnel  (Fig  16) 
imply  that  the  required  fan  c)  aracteriet ics  retaining  the  7*3  m diam.  test-section  should  be  neither 
unusual  nor  unreasonable  in  r» spect  of  existing  tunnel  experience  (Fig  18).  The  tip  speed  need  not  exceed 
110  m/s,  the  section  Cl -values  lie  between  0.5  and  0.7#  and  the  blade  angles  to  the  fan  disc  do  not  exceed 
50°  even  at  the  root,  despite  the  unusually  large  power-factor  for  the  low  contraction-ratio  available 
without  enlarging  the  existing  circuit.  An  alternative  modification,  involving  reduction  of  the 
test-section  size  (to  .5  m diam.),  primarily  to  permit  a higher  maximum  speed,  could  lead  to  about  8 dB 
lower  noise  levels  at  the  same  test-section  speed  because  of  the  corresponding  4 5$  reduction  in  fan  tip 
speed  (reduced  volume  flow  rate).  In  addition,  even  without  allowing  for  the  then  improved  fan  conditions 
of  reduced  turbulence  and  lower  aerodynamic  loading,  the  shift  of  noise  energy  to  lower  frequencies 

associated  with  the  lower  fan  speed  could  yield  about  a further  4 dB  reduction  in  noise  level  over  the 

same  frequency  range  of  interest. 

The  part:  ^lar  fan  designs  for  the  N5RDC  acoustic  tunnel151,  for  the  DNW  large  low-speed  tunnel^ 
now  under  con:  truction,  and  for  the  planned  modification  to  the  NASA  40  ft  x 80  ft  tunnel°°  must  also  be 
referred  to.  More  generally,  although  continuous  variation  of  tunnel  speed  is  usually  achieved  through 
alteration  of  fan  rpm,  fan  aerodynamic  efficiency  and  quietness  could  usefully  be  further  improved 

especially  for  large  blockage  changes,  by  incorporation  of  adjustable  or  variable  blade  angle,  possibly 

even  with  Borne  facility  to  adjust  blade  twist  or  effective  camber  at  least  during  the  installation  proving 
stage. 


3.8  Open-Jet  Nozzle  and  Collector-Flow  Interactions 


In  most  subsonic  tunnels,  either  with  open  or  closed  test-sections,  careful  tailoring  of  the 
test-section  design  as  well  as  of  the  tunnel  circuit  and  airflow  drive  is  invariably  needed  to  ensure  that 
the  test— section  flow  is  steady  throughout  the  required  airspeed  range.  Often,  any  shortfall  or 
improvement  in  this  respect  is  manifest  also  in  the  degree  to  which  the  allied  requirements  of  minimum 
pressure  gradients  and  minimum  energy  losses  sire  met.  Here,  we  are  primarily  concerned  about  possible  low 
frequency  unsteadiness  (pulsing)  in  open-jet  tunnels,  largely  associated  with  interaction  between  the  jet 
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nozzle  flow  and  the  collector,  which  could  generate  excessive  background  noise  and  intolerable  flow 
conditions.  For  preciseness,  the  primary  origins  of  such  flow  unsteadiness  (and  appropriate  treatments) 
can  be  divided  into  two  different  categories,  though  these  can  arise  simultaneously. 

Firstly,  mixing  at  the  tunnel  airstream  boundary,  while  traversing  the  space  between  the  nozzle  and 
the  collector,  results  in  entrainment  of  the  order  of  10$  excess  volume  flow  which  has  to  be  spilt  at  the 
collector  entry.  With  the  large-scale  eddy  sizes  arising  in  this  mixing,  the  instantaneous  quantity  to  be 
spilt  will  show  appreciable  amplitude  variations  in  the  very  low  frequency  range,  bo  that  tunnels  with 
simple  bellmouth  collectors  have  experienced  low  frequency  variations  in  tunnel  airspeed  apparently 
associated  with  this  unsteady  entry  flow.  All  modern  open-jet  tunnels  with  closed  return  circuits 
incorporate  some  form  of  ventilation  slots  downstream  of  the  collector  to  accommodate  this  variable 
spillage  and  attenuate  pressure  waves  which  might  otherwise  propagate  round  the  tunnel;  in  some  cases 
extensive  ad-hoc  tailoring  of  the  slots  has  been  required  to  obtain  satisfactory  tunnel  flow,  eg  IFVLR 
Porz-Wahn*^  and  VKI,  while  in  others  a single  peripheral  slot  has  given  satisfactory  results.  Clearly, 
the  aerodynamic  design  of  the  collector  cowl  has  to  be  carefully  tailored  to  the  particular  test-section 
and  working-chamber  configuration,  while  the  cowl  must  also  have  acceptable  structural  and  acoustic 
characteristics. 

Secondly,  nozzle/collector-edge-tone6  and  related  jet-flow  oscillations  are  usually  considered  to 
riginate  from  aerodynamic  resonance  between  a disturbance  (eg  ring  vortex)  leaving  the  jet  nozzle, 
impinging  on  the  collector  cowl,  and  then  feeding  back  a new  disturbance  which  arrives  back  at  the  nozzle 
in  phase  with  the  creation  of  another  disturbance  at  the  nozzle.  The  frequently  of  such  edge-tones, 
(primary  and  higher-order)  tend  to  increase  with  greater  mean  airspeed  at  the  jet  nozzle  and  then  decrease 
with  greater  separation  distance  between  the  jet  nozzle  and  collector.  In  some  closed  return-tunnels, 
severe  vibrations  of  the  tunnel  structure  have  arisen  when  the  jet/collector  edge-tone  frequency  coincides 
with  the  organ-pipe  resonance  frequency  of  the  tunnel  duct.  Two  very  different  designs  of  wind-tunnels, 
the  KAE  24  ft  tunnel  (also  a fifth-scale  model)  with  3*5 il  contraction-ratio  and  the  IFVLR  Porz-Wahn 
tunnel  with  10:1  contraction  ratio  experienced  these  severe  organ-pipe  resonances;  while  other  tunnels 
of  intermediate  design,  eg  the  model  of  the  new  DNW  tunnel  with  5:1  contraction  ratio show  no  signs  of 
this  phenomenon.  Fortunately  when  it  does  occur,  this  type  of  aerodynamic  resonance  can  be  readily 
suppressed  or  reduced  by  the  introduction  of  peripheral  tabs  in  the  form  of  spoilers  or  discrete  vortex 
generators  at  the  nozzle  outlet,  to  preclude  regular  formation  of  the  jet  ring  vortices;  there  can  be 
some  penalty  because  of  possible  increases  in  high  frequency  noise.  It  should  be  noted  that  in  some  cases 
(eg  DFVLR  Porz-Wahn)  venting  of  the  collector  alone  produced  no  noticeable  attenuation  of  these  organ  pipe 
resonances. 

Additionally,  with  the  introduction  of  sealed  anechoic  chambers  surrounding  an  open  test-section,  an 
alternative  type  of  edge— tone  resonance  appears  possible  involving  low-frequency  standing  waves  in  the 
chamber,  rather  than  a return-circuit  organ-pipe  resonance.  This  supplementary  type  was  apparently 
present  in  the  OTRC  Acoustic  Tunnel  (open  return  circuit)10  , there  again  cured  by  the  use  of  peripheral 
tabs,  and  was  probably  responsible  for  initial  resonance  problems  in  the  NSRDC  tunnel  but  there  cured  by 
collector  slotting1  1»1^. 

In  view  of  wide  variations  in  severity  of  the  unsteadiness  problems  renorted  in  different  open-jet 
tunnels  and  the  large  variety  of  collector  cowl  shapes  and  venting  configurations  employed,  more  basic 
research  would  still  seem  worthwhile  to  further  clarify  the  fundamental  causes  of  the  various  types  of 
unsteady  phenomena  and  to  provide  detailed  guidance  for  their  avoidance  in  acoustic  tunnels  with  minimum 
penalties  in  other  respects.  More  generally,  for  dynamic  as  well  as  noise  testing  in  open-jet  tunnels, 
it  seems  essential  establish  whether  the  test-section  airflow  can  really  be  guaranteed  to  be  as  steady 
as  that  in  good  closed  test-section  tunnels,  or  whether  some  low-frequency  unsteadiness  and  relatively 
higher  levels  of  turbulence  will  remain  despite  jet-nozzle  and  collector  treatments.  The  aerodynamic  and 
acoustic  significance  of  deflection  of  the  open-jet  boundary  due  to  the  presence  of  lifting  models, 
particularly  with  powered  high-lift  systems,  needs  also  to  be  explored  further. 
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Outdoor  linear-track  vehicles  have  in  principle  significant  attractions  for  forward-speed 
simulation.  Typically, 

(a)  'In-flight*  motion  of  the  noise  generator  through  the  normal  atmosphere  and  past  a stationary 
observer  is  properly  represented,  potentially  without  excessive  self-noise  from  the  facility  itself. 

(b)  Free-air  turbulence  levels  under  true  atmospheric  conditions  are  likely  to  be  more  representative 
of  low-oltitude  flight  than  those  provided  in  wind-tunnels,  an  aspect  particularly  of  importance  for 
fan  noise  studies. 

(c)  Airflow  effects  on  the  stationary  measurement  microphones  under  conditions  of  low  ambient 
Windspeed  should  generate  much  less  pseudo-noise  than  with  microphones  inside  a tunnel  airstream  or 
even  in  the  surrounding  working  chamber. 

(d)  In  the  absence  of  objectionable  environmental  effects,  the  testing  could  be  precisely  controlled, 
and  established  flyover  noise  techniques  may  be  further  developed,  to  ensure  adequate  measurements  and 
analysis  for  both  research  and  development  purposes. 

Such  outdoor  tracks  can  most  profitably  be  envisaged  as  practical  development  tools  and  as  a means 
of  establishing  and  comparing  practical  noiBe-reduction  schemes  in  almost  a true  flight  environment. 
Perhaps  their  major  attraction  iB  that  they  could  offer  the  potential  for  carrying-out  forward-speed  tests 
on  real  engines  and  on  engine-a  rframe  design  features;  at  much  greater  size  than  can  be  catered  for  in 
any  existing  European  tunnel,  yet  without  the  necessity  to  render  the  engine  installation  flight  worthy  - 
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otherwise  a more  expensive  and  time-consuming  process.  In  addition  some  research  investigations  can 
obviously  be  attempted  using  outdoor  tracks,  while  particular  tests  specifically  intended  for  direct 
selected  comparisons  with  more  general  tunnel  data  would  be  an  important  aspect  of  their  use. 

4.?  '.'r  T - .--m-i  b»i  at  1 

Naturally,  for  the  proper  application  of  linear-track  vehicles  in  aircraft  noise  research,  some 
significant  problems  have  to  be  clarified  and  related  test  constraints  quantified,  several  of  which 
already  appear  in  the  corresponding  application  of  flight  testing  but  there  can  be  less  precisely 

i.  The  non-st  at  ionary  nature  of  the  rando  ’ noise  from  the  rapidly  r.oving  r.our*-:-,  wK«-r.  r»-cor- i*- 1 
at  spatial,  fixed  phones,  demands  a long-duration  sample  for  the  accurate  determination  of  the 

spectral  characteristics,  but  much  shorter  component-samples  for  accurate  resolution  of  directivity 
effects.  In  practice,  this  apparent  conflict  is  overcome  by  individual  analysis  of  a large  number  of 
short-durat ion  samples  from  several  microphone  locations  (in-line  parallel  to  the  track  direction)  and 
from  several  passes  of  the  vehicle,  to  ensure  statistical  adequacy  for  ensemble  averaging  of  the  resulting 
spectra.  The  required  number  of  in-line  microphones  or  passes  naturally  increases  for  better  accuracy  and 
confidence  levels,  and  for  the  lower  frequencies  of  interest  associated  with  larger— scale  models.  The 
spacing  between  adjacent  microphones,  to  ensure  uncorrelated  noise  samples,  may  be  determined  by  the 
required  separation  of  several  wavelengths  or  by  the  permissible  angular  resolution  (integration  time)  for 
the  vehicle  moving  past  each  measurement  point.  Directivity  analysis  for  a model  source  which  is 
non-axisymmetric  about  its  line  of  travel  (eg  an  aircraft  model)  demands  also  distributions  of  microphone’ 
in  planes  normal  to  the  track  at  each  in-line  location.  The  total  track  length  usually  needs  to  be 
several  times  the  ''measurement  length"  over  which  the  vehicle  test  conditions  need  to  be  maintained 
steady,  in  order  to  safely  accommodate  acceleration  and  deceleration  of  the  vehicle  between  rest  and  the 
test  speed. 

Other  constraints  for  acceptable  noise-model  experimental  conditions  can  include  again 
(as  with  tunnels):- 

(1)  Low  background  noise  from  the  vehicle,  equipment  and  surroundings*  relative  to  the  model  source 
level. 

(2)  Low  aerodynamic  interference  from  the  model  rig,  vehicle  proximity,  and  ground/track. 

( 3)  Reliable  noise  measurement  techniques  over  a wide  frequency  range,  taking  special  account  of 
possible  variations  of  atmospheric  conditions  spacewise  and  timewise. 

More  generally,  as  discussed  elsewhere  for  flight  experiments,  adverse  weather  can  signi f icantly  affect 
the  test  conditions  outdoors  or  severely  limit  the  test  periods  allowed. 

Since  the  noise  measurements  at  the  microphones  can  be  affected  by  acoustic  interference 
(sound  reflections,  etc)  from  the  ground,  track  or  vehicle  itself,  the  careful  application  of  correlation 
techniques  is  desirable.  Moreover,  for  diagnostic  and  correction  purposes,  as  well  as  for  analysis  of 
Doppler-shift  and  near-field  conditions,  some  microphones  and  associated  recording  equipment  should  be 
carried  on  the  moving  vehicle;  along  with  any  aerodynamic  or  performance  measurement  devices  and  any 
auxiliary  power  sources  (eg  compressed  air  or  fuel). 

4. 3 .'i; : i ,V  l or  .• ; Lori*1  I/’Oatioris  ru:!  Track  Length” 

The  achievement  of  statistically  adequate  noise  samples  for  spectrum  analysis  by 
'ensemble  averaging  techniques'  can  necessitate  the  uBe  of  an  appreciable  number  of  microphone  locations 
along  lines  parallel  to  the  direction  of  the  linear  track.  Prom  statistical  arguments  for  sampling  of 
random  data,  the  accuracy  level  and  the  associated  confidence  limit  desired  from  the  analysis  prescribe 
together  the  corresponding  number  of  freedoms  or  samples  N required;  eg  accuracy  within  either  +1  dB  or 
+2>  dB,  with  95$  confidence,  requires  N s 100  or  20  respectively.  N is  then  identified  as  the  product 
2 BT,  involving  the  lowest  frequency-bandwidth  B at  which  this  level  of  accuracy  is  demanded  and  the 
total  sampling  or  record  time  T needed;  eg  with  T » 1 sec,  for  N ■ 100  or  20,  B e 50  Hz  or  10  Hz 
corresponding  to  j-octave  band  centre-frequencies  (fc  * B/O.231)  of  about  200  Hz  or  40  Hz  respectively. 

The  maximum  time  interval  6Tm  allowable  for  measurement  as  the  vehicle  passes  through  a plane  normal 
to  the  track  at  a particular  microphone  position  (0  * 90°)  is  essentially  defined  by  the  minimum  time 
taken  by  the  vehicle  to  4 raverse  the  permitted  angular  limit  AG  of  fore-and-aft  resolution,  at  the 
particular  vehicle  speed  V and  distance  d^Q  from  the  microphone;  namely 

6Tm  ' 2(dmic/V>  tan  (A6/2>  i 

eg  for  AG  - 10°  (ie  +£°),  V « 80  m/B  and  d^c  - 90  m,  the  measurement  interval  6Tm  * 0.1  sec.  The  number 
of  in-line  microphones  n required  is  then  of  the  order  of  the  number  of  measurement  intervals  (T/6Tm) 
divided  by  the  number  of  vehicle— passes  p which  can  be  repeated  to  an  appropriate  accuracy;  eg  using  the 
numerical  values  here,  n * 10  so  that  4 microphone  locations  with  3 vehicle  passes  should  suffice.  For 
propagation  directions  we^l  away  from  G - 90°,  without  decrease  in  permitted  ae * the  available 
component-sample  times  81^  become  much  larger. 

To  ensure  that  the  measured  signals  at  each  microphone  are  indeed  statistically  independent  in  order 
to  achieve  the  designated  accuracy  up  to  the  maximum  wavelength  *maJC,  the  microphone  spacing  f may  need  to 
exceed  several  wavelengths;  namely 

l/\  ■ (If  . /340)  > 1 ; 

' max  v min'  ' ’ 

eg  l k 10  m ensures  a spacing  of  more  than  5Xmax  or  only  at  frequencies  of  200  Hz  or  50  Hz 

respectively.  As  an  alternative  criterion,  the  microphone  spacing  may  need  to  be  large  enough  so  that 
adjacent  microphones  do  not  have  to  include  samples  from  +he  same  wavefront,  and  additionally  so  that  the 
filter  output  during  the  prescribed  averaging  period  does  not  contain  significant  parasitic  contributions 
from  the  practical  input-response  delays.  On  this  basis,  it  can  be  argued  that;- 
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t * V ( 6T  + 2/B)  ; 
m 

eg,  with  the  numerical  values  already  quoted  (V  * 80  m/s,  6T^  » 0.1  sec,  B = 50  Hz  or  10  Hz), 
f x 10  m or  25  m respectively. 

Directivity  analysis  for  a model  source  which  is  non  oxl sygawtrio  about  itl  lini  tl  , 
aircraft  model,  futrth<  tribution  of  microphones  in  planes  normal  to  th**  track  at  each 

in-line  location.  Typically  these  positions  would  be  at  a fixed  radius  : r fTOB  '• 

chosen  azimuth  intervals  over  at  least  one  quadrant;  eg  with  = 15°,  at  least  7 in  each  transverri'* 
plane  making  as  many  as  28  in  all  if  there  are  4 in-line  locations. 

The  track  •measurement-length'  over  which  the  vehicle  test  conditions  need  to  be  maintained 

steady  (constant  vehicle-speed,  eru-.  - I , • to)  can  be  expressed  f the  extent  n l of 

the  number  n of  in-line  microphone  at  equal  •;  an  r:,'.-  ( , *.!.••  '•  ' h • . .i- 

relative  to  the  direction  of  travel,  and  the  distance  d^ic  of  the  line  of  microphones  from  the  track. 

Thus,  in  simple  terms, 

L > (n  - 1 ) f + d (cot  0,  + cot  x *■  0O)  • 
meas  mic  1 2' 

Thus,  with  the  numerical  values  already  quoted  (n  = 4,  f = 10  m,  dTTlic  = 50  m)  and  typically  0i  ■ 20  , 

9|-  - 160®,  the  track  measurement  length  * 300  m.  Clearly,  this  increases  w.v  bsr 

of  microphones  required  for  better  accuracy  or  less  repeat  runs,  and  with  any  greater  spacing  needed  t > 
accommodate  larger  wavelengths  associated  with  larger-scale  models. 

The  extra  track  length  Lad,  prescribed  by  the  distances  required  for  acceleration  and  deceleration 
of  the  vehicle  can  be  much  greater  than  the  measurement  length;  eg  Lacj  = 2500  m with  an  equivalent  mean 
value  of  0.25  g for  both  the  acceleration  and  deceleration  between  rest  and  a vehicle  test  speed  of 
80  m/s.  The  total  track  length  required,  k(Lneas  + Lad)»  I;,ust  incorporate  some  safety  factor  k > 1; 
eg  L s 3500  m,  when  k * 1.5  for  the  present  example  with  V = 80  m/s.  This  distance  tends  to  vary  roughly 
as  the  square  of  the  test— speed  assuming  small  changes  in  acceleration  and  deceleration  forces. 

4.4  'lYa-V..'  !'•  r 1.,: 

The  Bertin  Aerotrain  Vehicle  (Model  02)  has  been  developed  in  France  • for  noise  tests  on  its 
jet— propulsion  unit  with  a variety  of  silencer  nozzles.  The  inverted-T  single— rail  track  on  which  this 
air-cushion  supported  vehicle  is  operated  has  about  6500  m total  length  between  Gornetz  and  Limours 
(South-West  Paris).  But,  due  to  various  restrictions,  noise  measurements  are  usually  limited  to  a 
selected  mid-track  length  of  about  350  m and  made  at  distances  up  to  50  © on  one  side  of  the  track  only. 
The  Vehicle  is  now  propelled  by  a GE  J-85  engine,  instead  of  the  PAW  JT-12  engine  used  in  1973,  both 
small  turbo-jet s of  about  1?  kN  max  thrust  (3000  lb). 

Forward-speeds  of  about  5 m/s  (nominally  static),  40  m/s  and  80  m/s  are  usually  employed  for  noise 
testing,  with  J-85  jet-efflux  velocities  between  400  m/s  and  650  m/s  through  the  0.3  m diameter  nozzle; 
"ax  pressure  ratio  a:  2.4,  max  exhaust  temperature  ~ 1000  K.  Unwanted  noise  from  the  J-85  intake  is  now 
minimised  by  acoustic  treatment  there,  while  the  internally-generated  component  of  the  exhaust  noise  can 
optionally  be  reduced  (leaving  jet-mixing  noise  predominant)  by  jet-pipe  acoustic  lining.  Recorded 
engine-performance  parameters  include  rpm,  inlet  pressures,  turbine  exit  pressure  and  temperature, 
jet-pipe  pressure  and  fuel  flow.  The  air-cushion  support  for  the  vehicle  is  supplied  by  fans  driven  by 
a Turbomeca  Palouste  (run  at  constant  rpm),  whose  intake  and  exit  now  also  have  been  acoustically  treated 
to  make  the  parasitic  noise  acceptably  low  down  to  the  minimum  test  jet  velocity  (400  m/s).  The  vehicle 
speed  is  controlled  simply  to  within  +p$  of  target  speed  by  pilot-operated  wooden  brakes  on  the  vertical 
sides  of  the  track-rail,  the  true  speed  (within  + 1 $)  and  location  of  the  vehicle  being  measured  from 
pulses  sensed  by  a photocell  through  holes  every  6 m length  along  the  rail.  Acceptable  atmospheric 
conditions  for  noise  tests  are  limited  usually  to  temperatures  above  5 C,  no  precipitation,  humidity 
between  40$  and  90$,  and  windspeeds  below  5 m/s  or  2 m/s  for  high  noise  levels  or  low  noise  levels 
respectively. 

For  the  far-field  noise  measurements,  four  in-line  microphone  positions  are  now  usually  employed, 
spaced  at  12  m intervals  about  50  m distant  from  the  track  and  at  post  heights  increased  to  15  m,  with 
temperature  and  humidity  measured  at  mid— height  to  improve  atmospheric  corrections.  Near— field 
measurements  are  also  made  on  the  modified  Vehicle,  with  flush-eiounted  microphones  in  the  J-85  ducts  and 
nose-cone  microphones  at  entry  and  exit.  The  data  acquisition  system,  developed  by  ONERA,  uses  radio 
links  from  the  measurement  points  to  a central  command  post  located  on  one  of  the  three  bridges  crossing 
the  track.  Synchronisation  at  measurement  locations  is  achieved  by  sequence  emitters  which  start  the 
NAGRA  recorders  and  also  transmit  synchronisation  pulses  to  the  tapes  and  to  on-board  recorders  used  to 
monitor  the  engine  and  vehicle  performance  parameters. 

For  ^-octave  analysis,  integration  times  of  0.125  roc  are  normally  employed,  with  a permissible 
angular  resolution  for  maximum  teBt  speed  of  +5°  at  90°,  reducing  to  +1°  at  20°  and  160°  from  track 
direction,  while  integration  time  is  increased  to  1 sec  for  nominally  zero  speed.  Corrections  are  applied 
for  background  noise  including  ambient  and  electronic  contributions,  but  not  Palouste  noise  or  Vehicle 
self-noiH°;  for  signal  reflections  from  the  intervening  ground  between  the  vehicle  and  the  microphones, 
but  not  from  the  vehicle  itself  or  any  nearby  trees;  and  for  atmospheric  deviations  from  standard-day 
conditions.  Topically,  the  scatter  of  the  corrected  data  over  the  four  in-line  microphones  and  over 
several  runs  appears  to  be  within  ^3  dB  for  j-octave  spectrum  distributions  above  200  Hz  and  within  +1  dB 
for  PNl.,  so  that  reasonable  mean  values  can  be  arrived  at.  Possible  application  of  the  full-scale 
Bertin  Aerotrain  on  the  Orleans  track  iB  also  now  worth  consideration  for  noise  testing  at  larger  scale. 
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In  the  UK,  feasible  development  of  the  Eari th  'Tracked  Hovercraft*  Facility  for  aircraft  noiae 
investigations,  using  a fast  and  quiet  wheeled  vehicle,  has  been  the  subject  of  analytical  and 
experimental  studies  by  HSA  in  conjunction  with  ISVR  (Southampton  University)  and  RAE.  Although  this 
particular  development  had  to  b<  irrevocably  terminated  in  Lat<  1 ■ , nuch  valuable  experience  has  been 

accrued  from  extensive  design  work,  • odel  experimen* a,  and  exploratory  tests  with  an  existing  air-cushion 
s-ipported  vehicle  on  the  track.  This  should  now  help  the  critical  appreciation  and  improved  application 
itiee  eleewher*  ind  >f  allied  noise  testing  teohni  pies* 

In  the  USA,  the  feasibility  of  using  the  'Sled  Track*  at  Holloman  Air  Force  Base  has  been  studied 
in  relation  to  engine  exhaust  noise  testing  at  least.  Some  conflicting  views  have  been  expressed  about 
I >88ible  limitations  associated  with  background  noise9  in  particular  the  vehicle  self-noise,  and  mon 
generally  about  the  cost-effectiveness  merits  of  relevant  noise  research  developments  for  this  particular 
facility.  At  NASA  Langley,  the  'Lai.Ji  g Loads  Vehicle  Track'  could  be  developed  for  noise  investigations 
and  the  'Landing  Loads'  area  there  is  said  to  permit  adequate  free-field  conditions  over  the  time  period 
for  which  the  vehicle  is  conveyed  past  the  fixed  microphone  array.  The  vehicle  self-noise  is  claimed  to 

: le  for  frequencies  above  1 kHz,  while  the  impulse  propulsion  system  could  provide  an  adequately 
large  distance  over  which  the  vehicle  speed  and  direction  remain  constant  since  the  vehicle  has  a high 
inertia  to  drag  ratio. 


"l:-  a ;-a  : : i;-:.:  -v:  ::  ; 

5.  1 General  Scope 

In  between  the  two  extremes  of  windtunnels  and  linear  tracks  considered  by  Sections  2 and  4,  there 
are  a variety  of  other  techniques  under  development  or  projected  for  noise  testing.  Although  each  can 
have  particular  advantages  for  specific  types  of  noise  investigations,  they  can  be  expected  only  to 
supplement  rather  than  replace  windtunnels  and  linear  tracks  for  basic  research  and  exploratory 
development.  The  following  sub-sections  relate  in  turn  to  the  possible  use  of:- 

Rotating  Arms  (5.2),  such  as  the  Rolls-Royce  jet-nozzle  rig. 

Road/Runway  Vehicles  ( 5 - 3 ) » as  envisaged  with  the  NOTE  lorry  or  by  aircraft  taxying  tests. 

Aerial  Cables  ( 5 • 4 ) » as  being  studied  by  NASA  Langley. 

Free-Flight  (5«5)»  with  models  projected  outdoors  or  through  a large  anechoic  chamber. 

Naturally  since  these  facilities  all  involve  motion  of  noise  sources  and  in  most  cases  operate  outdoors, 
many  of  the  problem  areas  listed  for  the  track  vehicles  are  to  some  degree  relevant  here,  while  some  new 
problems  can  also  arise. 

5.2  Rotating  Arms 

Rotor-type  rigs  with  the  test-model  at  the  extremity  of  an  arm,  rotating  usually  about  a vertical 
axiB,  have  not  yet  been  validated  for  a wide  range  of  noise-model  testing.  However,  Rolls-Royce 
experience^ ' » has  already  established  that  jet-exhaust  noise  at  least  can  be  investigated  profitably  in 
this  way,  at  realistic  values  of  jet  parameters  (cold  and  hot)  and  of  tip-speed/jet-speed  ratios,  with 
the  correct  moving-source  to  fixed-observer  relationship.  Useful  experiments  with  the  noise  from  a 
Hartmann  generator  shielded  by  a simple  wing  model  attached  to  the  tip  of  the  rotating  arm,  have  also  been 
made  by  HSA. 

The  main  problems  of  such  rigs  can  be  associated  with:- 

(1)  The  non-s tat ionary  noise  signal.  Since  the  rate  of  change  of  the  noise  signal  at  a typical 
operating  condition  and  microphone  position  is  very  high,  special  time-interval  analysis  and  careful 
averaging  of  the  data  from  a number  of  revolutions  must  be  performed  if  an  acceptable  combination  of 
accuracy  and  angular  resolution  is  to  be  achieved. 

(2)  Rig  self-noise.  This  can  restrict  noise  measurements  to  large  source  strengths,  eg  high-speed 
jets  or  intense  discrete-tone  generators. 

(3)  Residual  wake  interference.  The  model  without  a strong  downwash  field,  naturally  travels  through 
the  wakes  of  previous  revolutions,  which  can  affect  both  the  source  noise  generation  and  propagation 
characteristics  as  well  as  the  model  aerodynamics.  These  effects  seem  unlikely  to  be  significant  for 
high-speed  jets,  but,  together  with  the  high  acceleration  field,  probably  make  such  rigs  unsuitable 
for  fan  noise  studies. 

(4)  Airfeed  design  limitations.  Mechanical  constraints,  including  the  bend  in  the  supply  pipe  and 
hub  restrictions  close  to  the  model,  can  prevent  ideal  aero-acoustic  conditions  being  achieved  at  the 
entry  to  the  nozzle;  this  could  create  significant  internal-noise  sources  (upstream  of  the  nozzle 
exit),  and  also  create  uncertainties  in  the  simulation  of  jet-efflux  characteristics  particularly  for 
low— speed  jets. 

(5)  Ground  and  rig  reflection/ocattering  interference.  When  combined  with  the  non-s tat  ionary  nature 
of  the  signal,  the  resulting  parasitic  noise  effects  at  the  measurement  microphones  could  be 
troublesome  unless  minimised  by  appropriate  surface  acoustic  treatment. 

57 

On  the  Rolls-Royce  'Spinning  Rig*  at  Aston  Down  , propulsion  is  by  thrust  from  the  actual  test 
nozzle  (typically  75  mm  diam.)  mounted  at  a tip  radius  of  10  m and  rotating  in  a horizontal  plane  nearly 
5 m above  ground  level,  with  the  air  supplied  by  bleed  from  two  Avon  gas-turbines  located  in  a quiet 
enclosure  some  30  m away.  The  tip  'forward -speed'  can  be  varied  independently  of  the  jet-efflux  speed 
over  the  required  practical  range  up  to  the  maximum  of  150  m/s,  by  airbrake  variation  of  the  drag  of  the 
rotor  arm  and  change  of  nozzle  size.  The  complete  tip- jet  assembly  comprises  three  sections  - the  nose- 
fairing  containing  mass  balance  weights,  the  combustion  chamber  with  a simple  kerosene  burner,  and  the 
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special  test  nozzle.  The  maximum  nozzle  pressure-ratio  ia  4:1,  the  max  efflux  temperature  1100°K,  and  the 
max  allowable  maos  of  thi  kg  (at  max  rp  ).  The  banic  microphone  position  for  ’far— field*  noise 

measurements  is  located  at  20  fl  radius,  witl  Ldditj  ual  microphones  in  a linear  array  and  one  above  the 
axis  of  rotation  for  check  purposes. 

Over  the  three  years  of  ’spinning-rig*  operation,  the  variety  of  specific  testing  problems  and  data 
interpretation  difficulties  have  been  substantially  alleviated  by  changes  in  tent  procedure,  cleamng-up 
the  rig,  application  of  sound-absorbing  material  to  critical  reflective  surfaces  on  the  ground  and  rig, 
and  by  more  refined  data  an-':  • [ties.  Prom  a jet-noise  viewpoint,  * | • I -i  - .-.:th 

its  c rbustien  chamber  just  upstream  of  the  nozzle  exit  provides  an  appreciable  level  of  internal  noise 
compared  with  the  cleaner  jet-mixing  models  often  tested  in  windtunnels.  Pur the rmore , the  supporting 
wing-fairing  structure  tends  to  be  closer  to  the  nozzle  exit  on  the  spinning-rig  than  on  tunnel  rigs,  so 
the  forward— arc  noise-field  at  least  could  be  more  significantly  affected  by  associated  reflection/ 
scattering  effects.  Such  aspects  have  been  especially  of  interest  in  attempts  to  explain  the  noticeable 
increase  with  forward  speed  of  the  forward-arc  noise  from  exhaust  nozzle  models  on  the  spinning  rig, 
rather  than  the  reduction  in  both  forward  and  rear  arcs  found  from  tunnel  tests  on  simple  jets. 


Vehicles  developed  originally  for  aerodynamic  tenting  could  now  usefully  be  assessed  for  possible 
noise-tenting  capabilities,  accepting  similar  and  additional  constraints  to  those  discussed  for  track 
vehicles  (Section  4»?)*  The  NGTE  lorry^  already  extensively  employed  for  testing  circulation-control 
rotors  and  investigation  of  jet-engine  installation  aerodynamics  represents  one  possibility  considered 
but  not  yet  proceeded  with  in  the  UK  for  noise  testing.  The  maximum  speed  capability  is  restricted  to 
45  m/s  on  the  hAE  Farnborough  runway  used  (3000  m length),  primarily  by  acceleration  and  deceleration 
requirements,  using  an  Avon-engine  for  thrust  and  reverse  tlirust.  Smaller  ’car-type*  vehicles  are 
understood  to  be  under  development  for  noise-source  testing  up  to  similar  forward  speeds  by  NASA  Langley 
and  by  Bertin.  If  higher  speeds  were  demanded,  tyre  heating,  vehicle  stability  problems  and  other  safety 
aspects  would  need  to  be  examined.  Although  compared  with  possible  tracks  such  vehicles  tend  to  be  more 
limited  in  speed  and  in  the  size  of  engine  or  model  that  could  be  carried,  the  operating  costs  should  be 
lower. 

Taxying  of  an  aircraft  along  a runway  represents  another  possibility  which  has  been  the  subject  of 
preliminary  trials  by  holls-Hoyce  (BED)  to  assess  the  prospects  and  limitations  for  engine  noise  studies 
inder  forward-speed  conditions. 

.4  A-  : . : . '-it.: 

NAGA  L'Uigley  has  begun  exploratory  invest igations  towards  the  exploitation  of  their  ’Lunar  Lander’ 
rig,  with  a ten t noise  source  moving  along  a cable  suspended  between  two  points  about  75  m and  35  m above 
ground  level,  the  speed  being  maintained  constant  down  a nearly-otraight  slope  length  of  about  50  m.  An 
arr  i . of  fixed  microphones  suspended  above  and  parallel  to  this  noise  source  ’flight  path’,  as  well  as 
UT  t..  near  ground  level,  is  intended  to  allow  evaluation  of  both  the  non-st  at  ionary  and  stationary  noise 
spe  tra,  so  a;-  to  provide  proper  interpretation  of  the  moving-source  sound  field.  Further  information  is 
awaited. 


Foil*  wiry  extensive  aerodynamic  testing  experience,  noise-^nodels  could  be  projected  likewise 
iUt  ore;  from  the  ground,  or  from  aircraft/helicopt  ra  possibly  taking  advantage  of  established 
fre* — dr  ; pi  tig  techniques.  Additionally,  small  models  could  be  projected  indoors  across  large  anechoic 

: static  noise  tests.  However,  the  only  experience  yet  available  on  the  practical 
t: : . -a-Mlity  of  such  free-f light  model  techniques  for  noise  studies  under  forward-speed  conditions  seems 
• - * :•  f a NAGA  preliminary  investigation'-^  of  remotely  piloted  vehicles  for  airframe  noise  research. 

Kl-TfAl.r.  ■•ly.tT.ATlQN  OF  PHUPULGION  AND  POWEKED-LIFT  NOISE  SOURCES 


F x -.arifi cation  of  relevant  in-flight  conditions,  selective  representation  of  the  primary  noise 
•x  • f:  engine  operation  is  required  including  engine-airframe  interactions,  with  particular 

; ' n tx,“  possible  changes  in  source  noise  generation  and  propagation  characteristics  resulting 

fr  r the  addition  f the  relative  external  airflow.  Complete  aero-acoustic  simulation  of  a practical 
••f.,*ine  t*  " l« • . — iom * e.  is  hardly  feasible  (Fig  14),  nor  is  it  necessarily  desirable  for  research  aimed 
t w;ii  l.  - laril'i'  at  ion  and  evaluation  of  individual  major  noise  components  and  possible  alleviation.  For 

• xv[  - , it  has  already  proved  both  expedient  and  profitable  to  simulate  separately  such  specific  noise 
g'-r. erat  x of  interest  as  nozzle  with  jet  efflux  and  fan  with  intake  under  forward-speed  as  well  as  static 

li’iori  . Further  engine-components  of  interest  for  simulation  as  ’internal’  noise  generators  include 
ther  t ’irbo-ffiaohinery  (compressors  and  turbines)  and  combustion  systems,  while  noise  reduction  devices  and 
urfr-i;v  interference  also  need  to  be  represented.  For  completeness,  it  should  be  appreciated  that  many 
f the  difficulties  now  raised  in  respect  of  rnodel-scale  simulation  and  relevant  rig  features  apply  not 
til.v  *•  windtunnel  facilities  (•  fixed *-«nodel ) , but  often  oven  more  acutely  to  mobile  facilities  and 
particularly  if  equally  reliable  results  are  required. 

Th**  relative  airotream  effects  to  be  expected,  even  for  studies  of  noise  from  a particular 

• ngine-component,  are  not  simple.  They  can  comprises- 

(1)  Changes  in  the  source  noise  characteristics  arising  from  the  different  local  airflow  and 
neighbouring  curface  areas,  both  internal  and  external  to  the  engine-nacelle  duct. 

(?)  Modified  acoustic  near-field  development  through  the  local  flow  field  or  from  local  airframe 
installation  interference;  including  refraction,  diffraction,  reflection,  absorption,  scattering  and 
possibly  augmentation  in  the  vicinity  of  the  nacelle  installation. 
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(3)  Unpredictable  development  from  the  acoustic  near-field  to  the  aircraft  noise  far-field,  again 
particularly  across  practical  non-unifonn  airflow  regions  or  solid  surface  areas,  and  with  extended 
sources  of  a complex  nature. 


Fortunately,  if  acoustic  and  aerodynamic  behaviour  of  the  engine-component  under  static  conditions  is 
well  understood  or  can  be  thoroughly  explored,  only  partial  simulation  at  model-scale  may  be  needed  for 
comparative  studies  of  the  primary  changes  due  to  forward  speed,  including  the  clarification  and 
formulation  of  basic  prediction  methods. 


Special  noisp  generators  whose  sound  emission  characteristics  at  source  are  unaffected  when  placed 
in  an  airstream  (or  change  in  a known  manner)  can  be  profitably  applied  from  at  least  two  aspects,  for 
noise  tests  in  most  facilities.  Firstly,  the  validity  of  conventional  or  novel  noise  measurement 
techniques  can  be  checked  when  employed  within  or  outside  the  tunnel  airstream,  or  with  a mobile  model. 
Secondly,  the  particular  influence  of  neighbouring  surfaces  (eg  shields)  or  of  flow  velocity  gradients 
(eg  vortex  refraction),  affecting  the  near-field  and  far-field  propagation  in  the  relative  airstream, 
can  be  isolated  and  diagnosed  more  readily  without  simultaneous  unknown  changes  at  the  source  due  to  the 
airstream.  Some  electrodynamic  noise  sources,  (eg  loudspeakers),  jet-resonators  (eg  Hartmann-type),  and 
sirens  have  already  proved  useful  and  are  being  further  developed  for  such  work,  particularly  with  a view 
to  improving  their  performance  in  respect  of  power  and  frequency  range,  and  to  permit  controlled  variation 
of  their  directivity  characteristics.  However,  for  acceptable  installations  in  close  proximity  to 
surfaces,  inside  or  outside  engine  nacelles,  more  compact  sources  are  needed  avoiding  significant 
aerodynamic  interference  on  the  local  airflow. 

Aer o-Fngi ne  Je  t -o f f 1 ux  development  and  the  associated  external  jet-mixing  noise-source  distributions 
can  be  investigated  at  model  scale,  in  principle  simply  by  a geometrical  y similar  jet  nozzle,  with  an 
appropriate  airfeed  arrangement  providing  a quiet  air  supply  to  the  model  (negligible  internally-generated 
rig  noise)  and  an  acceptable  jet-flow  profile.  For  static  testing,  this  now  usually  presents  a 
straightforward  tailoring  problem  for  the  particular  experimental  configuration,  involving  the 
incorporation  of  a silencer,  burners  (for  hot  jets),  plenum  chamber,  and  substantial  contraction  often  in 
close  proximity  to  the  nozzle.  However,  when  forward-speed  representation  is  required,  such  bulky  bluff 
rigs  become  unacceptable  because  of  their  spurious  aerodynamic  and  acoustic  effects  arising  from  their 
interaction  with  the  external  airstream.  The  introduction  of  conventional  aerodynamic  fairings  to 
streamline  or  shield  the  rig  in  the  airstream  can  generate  its  own  problems  (acoustic,  aerodynamic  and 
mechanical),  particularly  because  of  the  relatively  large  sizes  involved.  Such  rig  problems  are  naturally 
tending  to  become  more  acute  with  advances  beyond  isolated  single  cold-jet  models.  Pr^vi  us  experience 
with  jet  aerodynamic  testing  in  windtunnels  is  helpful,  but  alone  is  completely  inadequate  f or  n-Ji  . • > ! • . 

and  airfeed  rig  design,  since  good  aerodynamic  and  acoustic  simulation  is  simul taneously  required  without 
the  introduction  of  parasitic  noise  sources.  For  example,  while  compactness  of  the  external  -iirfeej 
arrangement  can  be  achieved  in  aerodynamic  testing  by  very  high  pressure  air-feeds  to  the  jet  naeell*-, 
the  controlled  expansion  (with  pressure  drop  and  turning)  inside  the  nacelle  to  provid*-  a representative 
flow  at  the  nozzle  must  now  not  generate  unwanted  noise  internally,  or  such  excess  noi.  t be 

controlled  by  internal  absorptive  treatment.  The  difficulties  become  aggravated  with  the  demand  f r 
typical  nacelle  installations,  heated  jets,  and  coaxial  or  multiple  jet  arrangements. 

• he  f-or.buct ion  cystom,  in  addition  to  producing  steady-state  temperature  eft*  t.-f  • r. • r « • • • 1 - 

in  at  least  three  other  ways;  directly  from  the  combustion  processes,  from  interact!  <n  w.  ♦ r.  • r • •.  ur; 
systems  downstream,  and  from  interaction  with  the  jet  flow.  For  noise  shielding  investigations,  th*'  ' i . • 
two  types  (internally-generated  noise)  may  be  simulated  crudely  by  incorporating  prei-  nbed  ri  i.-*-  r u x ■ 
within  the  feed-pipe,  for  example  from  internal  loudspeakers,  a jet  hitting  a target  plate,  or  even 
multiple  air  injectors.  But  further  investigations  seem  necessary  to  develop  other  more  suitable  l*-/.  •*• 

for  installation  near  to  or  within  model  nacelles.  The  third  type,  involving  essentially  th*  1 1 • . • 

of  the  unsteady  combustion  processes  with  the  jet  development,  probably  can  be  simulated  ib 
by  producing  representative  unsteady  temperatures  in  the  flow  from  actual  combustion  wit!  :n  '*•  i*  . . If 
this  noise  generating  mechanism  is  indeed  of  practical  significance,  then  careful  invert: gat  1 nr  aj 
required  to  guarantee  reliable  and  controllable  simulation  of  such  source  character is* 1 rr , irt 1 u ly 
since  external  airflow  can  also  affect  the  characteristics  simultaneously. 

A*r  >-Qigine  -.1  - -V-  l-i'-in  representation  by  Bmall—  scale  powered— n ace  1 le  unite  yener  1 cm  \ 

expected  to  offer  direct  simulation  and  prediction  of  full-scale  noise  levels  under  f rward-rp*-*- i 

conditions,  in  reBpect  of  relevant  discrete-tones  and  broadband  spectra.  For  engineering  rtm'onr,  > e 

important  full-scale  geometric  features  such  as  the  number  of  rotor  and  stator  blade*  may  not  easily  be 
duplicated  at  small  scale,  the  boundary-layer  flow  characteristics  over  the  duct  wall:-  and  the  bind*  s can 
be  unrepresentative  at  the  low  Reynolds  numbers,  and  even  the  inlet-flow  turbulence  . m differ 
sign! ficantly  in  intensity  and  relative  length.  Nevertheless,  such  models  can  b**  useful  at  least  for 
diagnostic  3tudies  and  design  guidance,  particularly  in  respect  of  specific  model-conf iguration  changes 
for  which  results  can  be  interpreted  using  theoretical  frameworks  and  thereby  applied  to  estimate  the 
corresponding  influence  full-scale.  The  required  experimental  measurements  can  then  necessitate  not  only 
the  incorporation  of  a relatively  quiet  fan  drive,  but  also  the  ability  to  make  both  acoustic-pressure  and 
aerodynamic-flow  studies  inside  as  well  as  outside  the  powered  nacelle.  Separately  from  noise-source 
generation  considerations,  the  engine-nacelle  flow  characteristics  and  geometrical  shape  an  of  course 
affect  the  near-field  acoustic  development  in  the  forward  and  real*  arcs.  In  principle,  for  the 
investigation  of  such  effects,  simple  high-frequency  noiBe  sources  of  broadband  or  discrete-tone  types  can 
be  located  within  a representative  nacelle-duct  flow,  with  the  location  and  directionality  characteristics 
biased  as  appropriate;  naturally,  the  influence  of  any  variation  in  duct  flow  on  the  noise-source 
properties  must  be  appreciated.  Again,  a combination  of  complementary  experimental  and  theoretical 
modelling  on  particular  noise  aspects  is  especially  important  here  for  analysis  of  model-scale  results  and 
relevant  full-scale  interpretation. 
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i iuctii m d<  vi  <■»•:•  which  influence  primarily  the  acoustic  propagation  towards  the  measurement 
point,  rather  than  effecting  reduction  of  sound  energy  or  other  changes  in  characteristics  at  source,  can 
be  subdivided  conveniently  here  into  noise  absorbers  and  noise  shields.  Dissipative-type  absorbers  whose 
acoustical  performance  is  determined  mainly  by  viscous  flow  resistance  can  often  be  simply  scaled,  though 
the  levels  of  accuracy  achievable  in  the  presence  of  different  airflows  and  at  very  small  scale  are  not 
clear,  particularly  if  substantial  protective  covering  has  also  to  be  simulated.  Resonant— type  absorbers 
currently  in  use,  with  perforated  sheet  facing,  are  especially  subject  to  significant  Reynolds  number 
effects,  and  it  has  been  suggested  that  model  scaling  down  below  about  one— third  full-scale  requires  very 
careful  justification.  Indeed,  some  lack  of  confidence  has  been  expressed  in  the  practical  usefulness  of 
modelling  liners  in  engine  ducts  at  well  below  full-scale  and  without  detailed  engine  component 
representation,  for  other  than  basic  comparative  tests.  Shield-type  devices  usually  need  to  be  several 
wavelengths  in  size  to  be  effective,  so  tend  to  be  reasonably  large  and  in  principle  can  be  readily 
modelled  if  the  noise  source  frequencies  are  also  properly  scaled.  However,  the  possible  interactions  of 
any  aerodynamic  flow  field  with  the  acoustic  field  and  shield  have  to  be  taken  intc  account;  in 
particular  the  shield  boundary  conditions  should  be  adequately  represented  at  the  shield  trailing-edge  or 
the  effect  of  possible  variations  investigated.  Thus,  further  research  on  how  to  model  absorption 
treatment  of  airframe  surface  and  special  shields  does  seem  justified,  taking  note  also  of  the  airframe/ 
engine  interference  considerations  referred  to  next. 

D.p  airframe,  apart  from  providing  direct  shielding  or  absorption/reflection  properties,  can  also 
affect  the  engine  noise  characteristics  by  aerodynamic  interactions  with  the  exhaust  or  inlet  flows,  and 
by  influencing  the  acoustic  near-field  development.  Correspondingly,  engine  airflow  in  -the  vicinity  of 
airframe  surfaces  or  edges  can  introduce  excess  noise  from  the  airframe  (even  statically).  The  external 
airstream  associated  with  flight  conditions  may  radically  modify  these  effects,  while  simultaneously 
generating  noise  from  the  airframe  which  can  be  significant  with  landing  devices  deployed  and  quiet  engine 
conditions.  Here  again,  the  complexities  of  the  related  acoustic  and  aerodynamic  effects  are  so  marked 
that  careful  selective  modelling  from  both  aspects  is  essential  with  realistic  and  well-defined  goals. 
Because  of  the  small  amount  of  experience  yet  accumulated,  any  flight  research  on  aircraft  noise  should 
invariably  be  complemented  by  appropriate  model  tests,  to  take  full  advantage  of  the  possible  correlation 
and  clarification  of  experimental  results  and  the  mutual  improvement  of  measuring  and  analysis  techniques. 
Such  complementary  experimental  programmes  have  now  been  undertaken  in  the  UK  and  USA  at  least.  Moreover, 
NASA  Ames  have  attempted  with  some  success  a few  direct  tunnel-flight  comparisons  on  small  full-scale 
aircraft,  even  though  handicapped  by  the  high  background  noise  and  reverberation  effects  in  the  closed 
test-section  of  their  existing  *40  ft  x 80  ft*  tunnel. 


7 CONCLUDING  REMARKS  - 

•>rvi'-w  of  ■Iround-Based  Facilities  for  Noise  Experiments 

Encouragingly  successful  noise  experiments  in  ground-based  facilities  with  forward-6peed 
representation  have  already  included  research  studies  on  single  and  co-axial  jets,  jet  interaction  with 
airframe  surfaces,  airframe  shielding  of  engine  noise,  sound  refraction  by  wing  vortex  flows,  airframe 
self-noise,  engine-fan  and  helicopter  rotor  noise.  This  is  not  to  dispute  that,  as  in  the  past  with 
aerodynamic  and  aero-elastic  testing,  difficulties  of  model -simulation,  experimental  measurement  and 
analytical  interpretation  of  results  will  continue  to  arise  with  aero-acoustic  testing.  For  example, 
there  have  been  apparent  disagreements  and  lack  of  understanding  because  some  forward— speed  effects  fr< ~ 
flight  tests  on  engine  exhaust  noise  and  from  spinning-rig  tests  on  exhaust  nozzle  models  with  internal 
combustion  systems  have  exhibited  a noticeable  increase  in  noise  over  th-  forward  arc,  rather  than  the 
reduction  expected  from  tunnel  tests  on  simple  pure  jets.  Such  discrepancies  tend  to  be  aggravated  by  th»- 
individual  limitation  of  the  particular  testing  facilities,  model  installation  and  techniques  which  car.  be 
provided,  taking  practical  account  of  complexity  and  cost  constraints.  Overall,  in  order  tc  ensure 
adequate  and  reliable  R&D  on  aircraft  noise  under  flight  conditions,  a judicious  combination  * t w 
range  of  ground-based  facilities  must  be  utilised,  complemented  by  continual  re-eval  uatior.  f tractable 
theoretical  frameworks  and  by  carefully-controlled  flight  research  experiments.  Nevertheless  the  oritica. 
comments  made  earlier  should  be  taken  to  signify  realism  not  pessimism,  already  implying  the  attainment  of 
a much  greater  practical  appreciation  of  viable  techniques  and  of  potential  improvements  than  would  have 
been  possible  a few  years  ago. 

Modified  windtunnel  type  facilities,  incorporating  acoustic  treatment,  should  provide  th*-  b**o* 
experimental  approach  for  both  basic  and  applied  research  work  on  noise  models.  Applications  f 
tracked-vehicle  facilities  appear  most  appropriate  fwithout  actual  flight)  for  providing  exploratory 
development  tests,  using  real  small  engines  at  least  in  the  simulation  of  practical  engine  nac*-.. 
installations.  Taken  together,  windtunnels  and  tracks  are  essentially  complementary,  with  the  inherent 
capability  of  ensuring  some  overlap  and  hence  important  checks  on  each  other  for  specific  conf igurat ions, 
as  well  as  to  widen  the  range  of  experiments  possible.  Road/runway  vehicles  could  prov.de  some  useful 
support  for  some  mobile  noise-model  testing,  rotating  arms  should  continue  to  be  exploited  for  jet-noise 
model  work  in  particular,  the  aerial  cable  rigs  may  prove  especially  useful  for  clarifying  some 
fundamental  aspects  of  moving-source  sound  fields,  while  the  possible  practical  application  of  free-flight 
model  testing  techniques  should  certainly  not  be  ignored.  It  should  also  be  stressed  that,  even  for  the 
meaningful  application  of  static  testing  rigs  at  model-scale  and  full-Bcale,  special  devices  may  have  to 
be  incorporated  to  ensure  acceptable  free-air  conditions,  without  unrepresentative  distortions  of  a fan 
inlet  flow  at  least. 

Following  on  the  rapid  developments  in  various  ground-based  facilities  with  forward-speed 
representation  and  the  further  advances  now  technically  achievable,  the  provision  of  noise -mode  Is  with 
better  simulation  of  engine  noise  sources  (in  flight)  is  next  of  vital  importance.  Here  the  term  model  is 
intended  in  its  broadest  sense  of  both  experimental  and  theoretical  frameworks,  for  the  comp 1 ement ary 
interpretation  of  results  for  small-scale  and  full-scale  conditions.  This  task  presents  problems  perhaps 
at  least  comparable  with  the  complex  developments  in  aircraft  aero-«lastic  models  Borne  40  years  ago  or  in 
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powered-lift  aerodynamic  models  some  20  years  ago.  Simultaneously,  the  development  and  exploitation  of 
directional  acoustic  receivers  and  of  other  discrimination/correlation  techniques  should  also  be  expected, 
to  help  diagnosis  of  the  changes  in  noise  characteristics  with  forward  speed,  and  to  help  isolation  of 
true  model  propagation  characteristics  from  ’environmental*  background-noise  interference. 

Although  the  foregoing  discussion  of  ground-based  experimental  facilities  with  forward— speed 
representation  for  aircraft  noise  research  is  quite  extensive  (nee  List  of  Contents),  detailed 
consideration  of  several  aspects  has  had  to  be  omitted  in  limiting  the  scope  and  length  of  the  present 
paper.  Naturally,  some  of  the  topics  mentioned  only  briefly  here  fall  equally  or  more  within  the 
province  of  other  Lecturers,  such  as  special  items  associated  with  aero— acoustic  measurement  and  analysis 
techniques  (see  Tabic  2),  and  the  selective  simulation  of  aircraft  noise  sources  at  model-scale 
(see  Section  6).  Another  topic  I would  hope  to  discuss  more  extensively  concerns  the  aero— acoustic 
exploitation  of  modern  aerodynamic  tunnels,  taking  full  advantage  of  their  good  flow  quality  and 
extensive  speed  range,  but  without  costly  acoustic  treatment  of  the  existing  tunnel  circuit  and 
test-section  to  overcome  background-noise  and  partial-reverberation  problems. 

Finally  I must  recall  that,  under  the  auspices  of  the  AGAHD  Fluid  I)ynamicB  Panel,  informal  two-day 
•Workshops*  involving  a small  number  of  specialists  have  been  held  on  this  lecture  subject,  in  both 
Europe  and  North  America;  the  first  pair  was  held  during  October  1 974^ »^,  the  second  pair  during 
April/May  1976.  The  resulting  stimulating  exchanges  of  up-to-date  experience,  often  accompanied  by 
debates  on  controversial  issues,  proved  timely  and  constructive  towards  expediting  a more  integrated  and 
thorough  appreciation  of  relevant  technical  difficulties  and  possible  solutions.  The  updated  Bibliography 
included  here  lists  over  100  papers  (issued  between  1 970  and  mid -1976),  which  were  declared  then  to  be  of 
direct  technical  relevance,  though  many  were  not  available  for  reference  during  the  preparation  of  this 
lecture  paper.  A tabulation  of  the  primary  features  of  relevant  windtunnels,  both  existing  and  proposed, 
is  also  being  completed.  In  view  of  the  still  rapidly  growing  experience  in  this  relatively  new  field 
and  to  help  resolve  some  of  the  important  controversial  issues  still  existing,  a further  pair  of  similar 
’Workshops'  would  be  well  worthwhile  in  late  1 977- 

The  opinions  expressed  by  the  author  in  this  lecture  are  personal  and  do  not  necessarily  represent 
official  views. 

[ 


TABLE  ^ - TUNNEL  DEVELOPMENT  CONSI DHtATIONS  FOR  NOISE-MODEL  TESTING 


Tunnel-Flight  Simulat  1 Needs 

Significance  of  aerodynamic/geometric  representations 
and  of  aero-acoustic  similarity  parameters. 

Significance  of  different  relative  motions  of  ’fixed’  noise-measuring  devices, 
with  respect  to  both  ambient  air  and  noise  generator, 
between  tunnel  and  flight  test  conditions. 

Significance  of  tunnel  flon  quality 

(flow  uniformity,  steadiness  and  turbulence). 

Limitations  from  Acoustic  and  Geometric  Constraints 

0 pe n fe s t -■>  c t i •.  ■' n i-ltf. 

Open  test-section  utilisation  and  acoustic  treatments. 

Jet  nozzle  and  collector  flow  effects. 

Free-jet  limitations. 

C 1 i r»- i n >■  ■ gn 

Reverberant  field  considt rat  ions  with  conventional  test-sections. 

Limited  acoustic  treatments  and  aerodynamic  implications. 

T^ir.o  . :>;r 

Closed-return  type. 

Straight-through  type. 

Free-jet  limitations. 

Intrinsic  Tunnel  Background  ”cice 

Low-Noise  drive-fans  and  inflow  turbulence  effects. 

Quiet  practical  alternatives  to  fan-drive  systems. 

Open-jet  mi xing-boundary  and  collector  noise. 

Closed- jet  wall  boundary-layer  noise. 

Noise  absorption  treatment  of  tunnel  circuit  and  aerodynamic  implications. 

Noise  of  airflow  improvement  devices. 

Discrimination  and  correction  for  background  noise. 

Target  background  noise  levels  for  new  or  improved  tunnels. 

TAf'-l  K . - TTfNNKL  OFflxATIONAL  CONSI  LH-.A  TION"  K)h  NOISE-MODEL  TESTIN'! 
V -Rig  Rmi  - it:  r.  f 1 ■■q-i::  i t ; • Alleviation 

Influence  of  model  on  tunnel  background  noise. 

Model-rig  self  noiBe. 

Model  source  noise  transmission  round  tunnel  circuit. 

Model-airfeed  noise. 

Measurement-device  noiBe. 

Discrimination  and  correction  possibilities. 

Model  A»-i'.-A''-oust  i <■  K^ai-ui’^fn-nt  and  Anai.y-'ir  'IVrhnium-: 

Sound  measurements  inside  test-section  airflow. 

Sound  measurements  outside  open-jet  airflow. 

Model  far-field  definition  and  full-scale  flight  estimation. 

Tunnel/Model  general  constraints. 

Near-field  measurements  and  interpretation. 

Microphone  calibration  and  corrections  under  test  conditions. 

Special  pressure-f 1 uctuation  measurement  techniques. 

Directional  acoustic  receivers. 

Discrimination/Correction  techniques  for  eliminating  reverberation  and 
parasitic  noise. 

Source  noise  discrimination  and  location  techniques  with  airflow. 

Special  data  acquisition  and  reduction  methods. 
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INTRODUCTION 

This  bibliography  is  a selection  of  the  literature  published  between  1973  and  1976, 
with  emphasis  on  experimental  studies.  All  references  have  been  taken  from  NASA 
Scientific  and  Technical  Aerospace  Reports  (STAR)  and  the  American  Institute  of 
Aeronautics  and  Astronautics  publication  International  Aerospace  Abstracts  (1AA). 

The  citations  are  presented  in  alphabetical  order  of  first  author  within  each 
section.  An  author  index  is  concluded. 

Sources  and  availability  of  references  listed: 

Items  of  the  type  beginning  N74-28505  were  obtained  from  STAR  and  copies  of  these 
reports  are  generally  obtainable  from  national  libraries  or  information  centres, 
usually  in  microfiche  form.  Items  of  the  type  beginning  A75-27943  were  obtained 
from  1AA.  These  are  of  published  literature  and  the  source  is  quoted  in  the 
reference. 
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I  . Aerodynamic  Sound.  General  Reviews  and  Studies  not  included  in  later  sections 

I N74-28505  Scientific  Translation  Service,  Santa  Barbara,  Calif. 
EXPERIMENTAL  STUDY  OF  THE  AERODYNAMIC  NOISE  OF  AIRFOILS 
Bridelance,  J.P.,  Quziaux,  R. 

Washington  NASA  Jul.  1974.  32  p refs  Transl.  into  English  from  10th  Colloq. 
d * Aerodynamique  Appl.,  France,  No  7-9,  1973  19  p. 

(Contract  NASw-2483) 

(NASA-TT-F- 15732)  Avail:  NTIS  HC  $4.75 

Analysis  of  the  noise  intensity  level  generated  by  a flow  with  a low  back- 
ground noise  past  an  airfoil  or  a blade  cascade.  A particular  effort  is 
made  in  this  study  to  separate  the  respective  influences  of  pure  sounds  and 
turbulence  noise  and  to  indicate  possible  applications  of  the  findings 
obtained  to  the  design  of  a low-noise  turbofan.  It  is  confirmed  lhat  the 
Strouhal  number  is  the  fundamental  parameter  in  the  cases  studied.  It  is 
shown  that  the  characteristic  length  which  must  he  chosen  for  calculating 
the  Strouhal  number  is  the  chord  in  the  case  of  turbulence  noise  and  the 
airfoil  thickness  in  the  case  of  pure  sounds. 


2 A75-27943 

* CLASSIFICATION  PROBLEMS  OF  AIRCRAFT  NOISE  (KLASSIFIZIERUNGSPROBLEME  DES 

FLUGLARMES) 

* Chalupova,  V. 

i Hungarian  Optical,  Acoustical  and  Fi lmtechni cal  Society,  Conference  on  Noise 

*'  Abatement,  2nd,  Budapest,  Hungary,  May  6-10,  1974,  Paper  7.  7 p.  In  German 

Some  aspects  of  far-field  measurements  of  the  noise  generated  by  a stationary 
source  are  examined.  Particular  attention  is  given  to  the  determination  of 
the  acoustic  power,  noise  level,  and  acoustic  pressure  level  in  the  individual 
frequency  bands  to  identify  the  noise  characteristics  of  an  engine  operating 
9 in  a specific  mode.  The  determination  of  the  directional  pattern  of  an  air- 

craft, involving  the  determination  of  the  maximum  noise  level,  is  also  studied. 
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3 A75-18385 

EXPERIMENTAL  EVALUATION  OF  TRAILING  EIXIF  AND  INCIDENCE  FLUCTUATION  NOISE  THEORIES 
Fink,  M.R. 

American  Institute  of  Aeronautics  and  Astronautics,  Aerospace  Sciences  Meeting, 
13th,  Pasadena,  Calif.,  Jan.  20-22,  1975,  Paper  75-206,  10  p.  13  refs. 

Contract  No.  NAS3-17863 

Tests  were  conducted  to  evaluate  conflicting  theories  for  trailing  edge  noise 
and  for  incidence  fluctuation  noise.  A flat-plate  airfoil  with  flush-mounted 
surface  pressure  transducers  was  tested  in  an  anechoic  wind  tunnel  at  velocities 
from  31.5  to  177  m/sec  and  nominal  4 and  6Z  grid-generatea  turbulence  levels. 

In  one  series  of  runs,  the  airfoil  was  faired  into  the  tunnel  nozzle  and 
extended  beyond  the  nozzle  lip  for  studies  of  trailing  edge  noise  without  a 
leading  edge  and  with  flow  on  only  one  side.  Such  noise  was  found  to  vary  with 
velocity  to  the  fifth  power  and  turbulence  level  squared  as  predicted  by  Ffowcs 
Williams  and  Hall  (1970)  and  by  Chase  (1972).  Power  spectral  density  at  high 
frequencies  decayed  approximate ly  inversely  with  frequency  to  the  10/3  power 
as  predicted  by  Chase.  The  data  were  poorly  predicted  by  Havden's  correlation 
(1969,  1972). 


4 N74-34482  Lockheed-Georgi a Co.,  Marietta 

NON-ENGINE  AERODYNAMIC  NOISE  INVESTIGATION  OF  A LARGE  AIRCRAFT  - Final  Report 
Gibson,  J.S. 

Washington  NASA  Oct.  1974  56  p refs 

(Contract  NAS1-12443)  Avail:  NTIS  HC  $3.75 

A series  of  flyover  noise  measurements  have  been  accomplished  utilizing  a 
large  jet  transport  aircraft  with  engine  power  reduced  to  flight  idle.  It  was 
determined  that  the  aerodynamic  (noiengine)  noise  levels  did  occur  in  the 
general  range  that  had  been  predicted  by  using  small  aircraft  (up  to  17,690  kg 
gross  weight)  prediction  techniques.  The  test  procedures  used  are  presented 
along  with  discussions  of  the  effects  of  aerodynamic  configuration  on  the 
radiated  noise,  identification  of  noise  sources,  and  predicted  aerodynamic 
noise  as  compared  with  measurements. 
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5 N75-1I982  Lockheed-Cal ifornia  Co.f  Burbank 

MEASUREMENT  AND  ANALYSIS  OF  AIRCRAFT  FAR- FI ELD  AERODYNAMIC  NOISE  - Final  Report 
Mealy,  G.J. 

Washington  NASA  Dec.  1974  71  p refs 

(Contract  NAS  I- 12440) 

(NASA-CR-2377;  LR-26195)  Avail:  NTIS  HC  $4.25 

A systematic  investigation  of  aircraft  far-field  radiated,  aerodynamical ly  gene- 
rated noise  was  conducted.  The  test  phase  of  the  original  program  involved  the 
measurement  of  the  noise  produced  by  five  gliding  aircraft  in  an  aerodynamical ly 
clean  configuration  during  low  altitude  flyovers.  These  aircraft  had  gross 
weights  that  ranged  from  5785  to  173925N  (1300  to  39,000  pounds),  fly-by  veloci- 
ties from  30  to  98.5  m/sec  (58  to  191.5  knots  or  98  to  323  ft/sec)  and  wing 
aspect  ratios  from  b.59  to  18.25.  The  results  of  these  measurements  were  used 
to  develop  an  equation  relating  aerodynamic  noise  to  readily  evaluated  physical 
and  operational  parameters  of  the  aircraft.  A non-dimensional  frequency  spectrum, 
based  on  the  mean  wing  thickness,  was  also  developed. 


6 N75-14763  Cranfield  Inst,  of  Technology  (England).  Coll,  of  Aeronautics 

* I SUBSONIC  JET  TRANSPORT  NOISE:  THE  RELATIVE  IMPORTANCE  OF  VARIOUS  PARAMETERS 

* Howe,  D. 

j Jul.  1974  22  p refs 

(Cranf ield-Aero-25)  Avail:  NTIS  HC  $3.25 

The  area  of  the  80  PNdB  noise  footprint  of  subsonic  jet  transport  aircraft  was 
evaluated  using  a simple  expression  for  powerplant  noise  level.  The  parameters 
varied  were  the  bypass  ratio,  field  strength,  climb  out  and  descent  angle, 

, installed  thrust,  standard  of  engine  acoustic  treatment,  and  the  rate  of  noise 

attenuation.  Curves  are  presented  for  typical  ranges  of  the  variables.  It  was 
concluded  that  the  bypass  ratio  is  the  most  important  influence  on  the  footprint 
* area.  The  attenuation  rate  also  has  a very  significant  effect  but  it  is  outside 

the  control  of  the  designer.  Field  length  ha3  only  a secondary  effect  on  noise 
footprint . 


7  N 7 3—3 1253  Illinois  Univ.,  Urbana.  Mechanical  Engineering  Dept. 

A STUDY  OF  THE  LOCAL  PRESSURE  FIELD  IN  TURBULENT  SHEAR  FLOW  AND  ITS  RELATION 
TO  AERODYNAMIC  NOISE  GENERATION  Status  Report,  31  Jul.  1972-31  Jan.  1973 
Jones , B.G. , Planchon,  H.P. 

31  Jan.  1973  35  p refs 

(Grant  NGR- 1 4-005- 1 49) 

(NASA-CR- 134493;  SR-5)  Avail:  NTIS  HC  $3.75 

Work  during  the  period  of  this  report  has  been  in  three  areas:  (1)  pressure  trans- 
ducer error  analysis,  (2)  fluctuating  velocity  and  pressure  measurements  in  the 
NASA  Lewis  6-inch  diameter  quiet  jet  facility,  and  (3)  measurement  analysis. 

A theory  was  developed  and  experimentally  verified  to  quantify  the  pressure  trans- 
ducer velocity  interference  error.  The  theory  and  supporting  experimental  evidence 
show  that  the  errors  are  a function  of  the  velocity  field's  turbulent  structure. 

It  is  shown  that  near  the  mixing  layer  center  the  errors  are  negligible.  Turbulent 
velocity  and  pressure  measurements  were  made  in  the  NASA  Lewis  quiet  jet  facility. 
Some  preliminary  results  are  included. 


8 A75-285 18 

AERODYNAMIC  SOUND  GENERATION  DUE  TO  THE  INTERACTION  OF  AN  UNSTEADY  WAKE  WITH 
A RIGID  SURFACE 

Smith,  C.A.,  Karamchet,  K.  (Stanford  University,  Stanford,  Calif.) 

American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference, 

2nd,  Hamptoa,  Va.,  Mar.  24-26,  1975,  Paper  75-454,  41  p 14  refs. 

Grants  No.  NCL-05-020-275;  No.  NsG-2007 

Some  aspects  of  sound  generation  by  the  interaction  between  a wedge  and  the  wake 
of  a circular  cylinder  in  a uniform  incompressible  stream  are  studied  experimentally. 
There  is  a minimum  separation  distance  between  the  cylinder  and  the  wedge  when  a 
tone  is  first  generated.  As  the  separation  distance  increases  beyond  the  minimum, 
the  frequency  increases  and  asymptotically  approaches  the  frequency  normally  present 
in  the  free  wake.  The  Strouhal  number  defined  as  the  ratio  fd/U  where  f is  the 
frequency,  d is  the  cylinder  diameter  and  U the  free-stream  speed  is  found  to  be 
in  general  a function  of  the  Reynolds  number  (based  on  d)  and  h/d,  where  h is  the 
separation  distance.  The  minimum  distance  is  in  general  a function  of  the  Reynolds 
number.  Flow  visualization  studies  show  that  considerable  differences  exist  between 
the  flow  below  the  minimum  separation  distance  and  just  above  it. 
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9 N76-I3090  Federal  Aviation  Administration,  Washington,  D.C. 

EFFECT  OF  TEMPERATURE  ANU  HUMIDITY  ON  AIRCRAFT  NOISE  PROPAGATION  - Final  Report 
McCoIlough,  J.B.,  True,  H.C. 

Sept.  1975  105  p refs 

(AD-AOI4644/9;  FAA-RD-75- 100)  Avail:  NTIS  HC  $5.25 

The  results  are  presented  of  a test  program  conducted  to  measure  the  effect  of 
varying  meteorological  conditions  on  aircraft  flyover  noise  levels.  Detailed 
temperature  and  humidity  data  were  obtained  using  an  instrument  system  carried  by 
a light  aircraft.  High  and  low  altitude  inversions  as  well  as  standard  lapse  rate 
atmospheres  were  investigated.  Level  flyovers  were  conducted,  using  a DC-9-10 
aircraft  operated  at  a thrust  of  6,000  lbs.,  as  a constant  noise  source.  Measured 
noise  levels  varied  up  to  4 EPNdB  depending  upon  the  absorptive  properties  of  the  atmos 
phere.  Several  analysis  procedures  were  investigated  in  an  effort  to  correct  noise 
data  for  weather  conditions.  A layered  analysis  procedure  normalized  all  flyover 
noise  levels  to  those  levels  taken  under  near  reference  conditions.  The  layered 
analysis  procedure  incrementally  adjusts  the  measured  peak  spectra  based  on  the 
acoustic  absorption  in  each  increment.  These  results  indicated  that  noise  certi- 
fication testing  under  nonuniform  temperature  and  humidity  conditions  could,  if 
allowed,  be  conducted  provided  that  frequent  and  detailed  meteorological  data  is 
available  and  the  layered  weather  correction  procedure  is  used. 


10  N/4-11804  Stanford  Univ.,  Calif. 

AERODYNAMIC  SOUND  GENERATION  DUE  TO  VORTEX-AEROFOIL  INTERACTION  Ph.D.  Thesis 
Parthasarathy , R. 

1973  150  p 

Avail:  Univ.  Microfilms  Order  No.  73-14954 

f 

The  aerodynamic  sound  produced  by  a vortex  passing  past  an  airfoil  in  uniforn  motion 
is  studied.  Following  the  procedure  proposed  by  Lighthill  to  study  how  aerodynamic 
flows  produce  noise,  the  complete  flow  field  is  broadly  divided  into  two  separate 
regions:  (1)  a region  of  sound  generation  in  the  neighborhood  of  the  airfoil,  and 

(2)  a uniform  medium  at  rest  where  sound,  due  to  the  fluid  fluctuations  in  the 
region  (3)  is  being  propagated.  The  vortex-airfoil  interaction  problem  is  formula- 
ted as  a vortex  of  strength  K being  released  ahead  of  an  airfoil  of  chord  C,  at  a 
specific  location,  at  time  t = 0.  Classical  two  dimensional  incompressible,  inviscid, 
unsteady  potential  airfoil  theory  has  been  employed  to  determine  the  trajectory  of  the 
vortex,  the  forces  acting  on  the  airfoil,  and  the  complete  flow  field  around  the  airfoil. 

*** 

11  N75-32119  National  Aeronautics  and  Space  Administration.  Flight  Research  Center, 

Edwards,  Calif. 

REVIEW  OF  AIRCRAFT  NOISE  PROPAGATION 
Putnam,  T.W. 

Sept.  1975  61  p refs 

( NAS A-TM-X- 56033)  Avail:  NTIS  HC  $4.25 

The  current  state  of  knowledge  about  the  propagation  of  aircraft  noise  was  reviewed. 

The  literature  on  the  subject  is  surveyed  and  methods  for  predicting  the  most  important 
and  best  understood  propagation  effects  are  presented.  Available  empirical  data  are 
examined  and  the  data's  general  validity  is  assessed.  The  methods  used  to  determine  the 
loss  of  acoustic  energy  due  to  uniform  spherical  spreading,  absorption  in  a homogeneous 
atmosphere,  and  absorption  due  to  ground  cover  are  presented.  A procedure  for  deter- 
mining ground  induced  absorption  as  a function  of  elevation  angle  between  source  and 
receiver  is  recommended.  Other  factors  that  affect  propagation,  such  as  refraction  and 
scattering  due  to  turbulence,  which  were  found  to  be  less  important  for  predicting  the 
propagat'on  of  aircraft  noise,  are  also  evaluated. 
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12  A75-25759 

TRAILING  EDGE  NOISE 

TAM,  C.K.W.  (Florida  State  University,  Tallahassee,  Fla.),  Yu,  J.C.  (George  Washington 
University;  NASA  Langley  Research  Center,  Hampton,  Va.) 

American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference,  2nd, 
Hampton,  Va.,  Mar.  24-16,  1975,  Paper  75-489,  13  p 16  refs.  Grant  No.  NsG-1021 

Shadowgraphic  observations  of  the  flow  structure  of  a wall  jet  downstream  of  the  trailing 
edge  of  a flat  plate  were  carried  out.  Shadowgraphs  obtained  at  jet  exit  Mach  Number  0.3 
to  0.8  consistently  showed  an  orderly  large  oscillatory  flow  structure.  It  is  believed 
that  these  large  scale  disturbances  are  the  result  of  flow  instabilities.  It  is  also 
believed  that  these  orderly  disturbances  are  responsible  for  generating  the  dominant  part 
of  trailing  edge  noise  either  directly  or  indirectly.  The  interaction  of  sound  generated 
by  these  coherent  oscillatory  flow  disturbances  and  the  plate  was  investigated  theoretic- 
ally. It  is  found  that  the  farfield  noise  directivity  is  strongly  influenced  by  diffrac- 
tion of  sound  at  the  leading  edge  of  the  plate. 
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13  A75-35226 

ACOUSTIC  EMISSION  OF  TURBULENCE  IN  MOTION  (SCHALLABSTRAHLUNC  VON  BEWEGTER  TURBULKNZ) 
Ziranermann,  G.  (Max-Planck-Insti tut  fur  Stromungsforschung,  Gottingen,  West  Germany). 
(Gesel lschaft  fur  angewandte  Mathematik  und  Mechanik,  Wi ssenschaf t 1 iche  Jahrestagung, 
Bochum,  West  Germany,  Apr.  1-5,  1974) 

Zeitschrift  fur  angewandte  Mathematik  und  Mechanik,  vol . 55,  Apr.  1975,  p TI70,  T 1 7 1 . 

In  German. 

Aspects  of  acoustic  emission  in  the  case  of  a limited  region  of  turbulent  flow  are 
considered,  taking  into  account  the  theory  of  aerodynamical ly  generated  sound  developed 
by  Lighthill  (1952,  1954).  A transformation  of  the  obtained  integral  in  relation  to  the 
system  in  motion  provides  an  approach  for  separating  the  integrand  into  two  factors. 
Attention  is  given  to  the  results  obtained  for  a constant  convection  velocity. 
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14  N75-30166  Advisory  Group  for  Aerospace  Research  and  Development,  Paris  (France) 

AIRCRAFT  NOISE  GENERATION,  EMISSION  AND  REDUCTION 

Jun.  1975  188  p refs  Presented  at  Lecture  Series,  Belgium,  16-17  Jun.  1975  and 

West  Germany,  19-20  jun.  1975  and  Great  Britain,  23-24  Jun.  1975;  sponsored  by  AGARD 
(ACARD-LS-77)  Avail:  NTIS  HC  $7.00 

The  physical  properties  of  aircraft  noise  are  summarized,  with  special  emphasis  on  jet 
noise  and  fan-compressor-propeller-rotor  noise.  Topics  discussed  include  acoustic 
fundamentals,  noise  source  characteristics  and  interactions,  atmospheric  propagation, 
airfiarae  noise,  sonic  boom,  duct  liner,  and  muffler  theory.  Research  and  technology 
activities  related  to  jet  engine  noise  and  its  control  are  discussed,  and  the  impact 
of  this  noise  on  people  and  communities  and  aircraft  operational  procedures  for  noise 
minimization  are  reviewed. 

) 

2 . Measurement  techniques 

15  N 7 6— 11393  European  Space  Agency,  Paris  (France) 

OPTICAL  COMPENSATION  MEASUREMENTS  ON  THE  NONSTATIONARY  EXIT  CONDITION  AT  A NOZZLE 
DISCHARGE  EDGE.  AN  INVESTIGATION  IN  CONNECTION  WITH  SOUND  TRANSMISSION  THROUGH 
NOZZLES  WITH  FLOW 
Bechert,  D.,  Pfizenmeier,  E. 

Sept.  1975  77  p refs  Transl.  into  English  of  "Opt.  Kompensat ionsmessungen  zur 

instationaeren  Abf lussbedingung  an  einer  Duesenaustrittskante.  Eine  Untersuch.  ira 
Zusammenhang  mit  dem  Schal Idurchgang  bei  durchstroemten  Duesen",  DFVLR,  Berlin 
Report  DLR-FB-73-93,  30  Jul.  1973.  Original  German  report  available  from  DFVLR, 

Porz,  West  Ger.  27.70  DM 

(ESA-TT-I91;  DLR-FB-73-93)  Avail:  NTIS  HC  $5.00 

The  exit  conditions  at  the  trailing  edge  of  a nozzle  with  a slightly  nonstationary  flow 
were  investigated  experimentally.  These  conditions  play  a major  role  in  the  theory  of 
sound  transmission  through  such  nozzles.  The  measurements  were  carried  out  for  a range 
of  the  Reynolds  number  R (relative  to  the  nozzle  diameter)  between  10,000  and  100,000 
and  for  a range  of  Strouhal  numbers  so  that,  for  R equal  to  10,000,  the  entire  spectrum 
of  amplified  waves  in  the  boundary  layer  was  included.  The  technique  used  was  based  on 
the  synchronization  of  a small  laser  beam  with  the  wave  motion  of  a small  smoke  filament 
in  the  boundary  layer  leaving  the  nozzle.  The  measurements  of  the  jet  flow  deflection 
had  a resolution  between  one  and  three  microns.  No  singularity  in  the  velocity  near  the 
edge  was  found.  The  flow  problem  therefore  remains  linear  for  small  oscillating  veloci- 
ties in  that  area. 


16  N74-14383  Scientific  Translation  Service,  Santa  Barbara,  Calif. 

REPRESENTATION  OF  HOT  JET  TURBULENCE  BY  MEANS  OF  ITS  INFRARED  EMISSION 
De  Belleval,  J.F.,  Perulli,  M. 

Washington  NASA  Dec.  1973  24  p refs  Transl.  into  English  from  Office  Natl.  d*Etudes 

et  de  Rech.  Aerospatiales  (France),  report  tp-1277,  17-21  Sept.  1973  10  p 

(Contract  NASv-2483) 

(NASA-TT-F-1 5233;  TP-1277)  Avail:  NTIS  HC  $3.25 

The  theoretical  description  of  a jet  acoustic  radiation  is  characterized  by  turbulence 
data,  defined  at  the  scale  of  the  total  emissive  volume.  These  data  have  average  values, 
in  time,  i.e.  representing  the  whole  spectrum.  A representation  of  a hot  jet  turbulence 
by  means  of  crossed  spectral  densities  is  presented.  It  is  possible  to  define  at  any 
point  of  the  source  volume  the  characteristics  turbulence  data  by  frequency  bands. 


17  N73-26247  Royal  Aircraft  Establislunent , Farnborough  (England).  Aerodynamics  Dept. 

ACOUSTIC  CONSIDERATIONS  FOR  NOISE  EXPERIMENTS  AT  MODEE  SCALE  IN  SUBSONIC  WIN!)  TUNNELS 
Ho lb ec he,  T.A.,  Williams,  J. 

In  AGARD  Probl.  in  Wind  Tunnel  Testing  Tech.  Apr.  1973  30  p refs  (AGARD-R-601 ) 

Acoustic  considerations  for  noise  experiments  at  model  scale  in  subsonic  wind  tunnels 
are  presented.  Emphasis  is  placed  on  similarity  to  flight  test  conditions,  noise 
measurement  constraints  on  model  and  tunnel  sizes,  the  parasitic  effects  of  back- 
ground noise,  and  the  various  factors  contributing  to  the  generation  of  noise.  The 
specific  contributions  to  tunnel  noise  from  the  tunnel  drive  fan,  the  tunnel  circuit, 
the  test  section  mainstream  flow,  and  the  particular  test  section  boundary  conditions 
are  discussed. 


18  N7 5- 10928  McDonnel 1 -Douglas  Corp.,  Long  Beach,  Calif. 

EFFECTIVE  DATA  MONITORING  DURING  AIRPLANE  FLYOVER  NOISE  TESTS 
Lowder,  E.M. 

In  Soc.  of  Flight  Test  Engr.  Advan.  in  Flight  Test  Eng.  1974  6 p 

The  parameters  to  be  considered  when  conducting  flyover  tests  to  measure  aircraft 
noise  are  discussed.  The  basic  areas  considered  are:  (I)  the  airplane/engine 

* configuration,  (2)  airplane/engine  performance,  (3)  flight  procedures,  (4)  weather, 

* (5)  terrain,  and  (6)  microphone  installation.  Emphasis  is  placed  on  noise  recording 

validity  monitoring  and  on-site  records  and  measured  data  displays.  It  is  stated  that 
adjustments  to  the  planned  data  sample  should  be  made  an  the  basis  of  preliminary 

, normalized  data.  Comprehensive  data  monitoring  requires  automated  data  normalization 

involving  a near-real  time  flyover  noise  evaluation  system. 

, 19  A74-39970 

THE  USE  OF  A ROTATING  ARM  FACILITY  TO  STUDY  FLIGHT  EFFFCTS  ON  .JET  NOISE 

* Smith,  W.  (Rolls-Royce/1971/,  Ltd.,  Bristol,  England) 

In  International  Symposium  on  Air  Breathing  Engines,  2nd  Sheffield,  England, 

March  24-29,  1974,  Proceedings.  (A74-39964  20-28)  London,  Royal  Aeronautical 
Society,  1974,  13  p 

Description  of  the  design,  instrumentation,  and  operation  of  a rotating  arm  facilitv 
for  the  study  of  flight  effects  on  jet  noise,  and  review  of  the  capabilities  and 
limitations  of  the  facility.  Noise  data  acquisition  and  analysis  techniques  are 
outlined,  and  the  results  obtained  from  recent  tests  are  shown  to  indicate  the 
repeatability  and  accuracy  of  the  data. 


20  N73-22387  National  Aeronautics  and  Space  Administration.  Langley  Research  Center, 

Langley  Station,  Va. 

INSTRUMENTATION  FOR  MEASUREMENT  OF  AIRCRAF1  NOISE  AND  SONIC  BOOM  Patent  Application 
Zuckerwar,  A.J.  inventor  Cto  NASA)  Filed  25  Apr.  1973  15  p 

(NASA-Case-LAR- 1 1 1 93-1 ; US-Fatent-App  1 ,-SH -354408)  Avail:  NY  IS  HC  $3.00 

Instrumentation  suitable  for  measuring  both  aircraft  noise  and  sonic  boom  is  described. 
It  is  comprised  of  a converter  that  produces  an  electric  current  proportional  to  the 
sound  pressure  level  at  a condenser  microphone.  The  electric  current  is  transmitted 
over  a cable,  amplified  by  a zero  drive  current  amplifier,  and  recorded  on  a magnetic 
tape  recorder.  The  converter  consists  of  a local  oscillator,  a dual-gate  field-effect 
transistor  (FET)  mixer,  and  a voltage  regulator/impedance  translator.  The  local 
oscillator  generates  a carrier  voltage  that  is  applied  to  one  of  the  gates  of  the 
FET  mixer.  The  mixer  mixes  the  microphone  signal  with  the  earlier  to  produce  an 
electrical  current  at  the  frequency  of  vibration  of  the  microphone  diaphragm.  The 
voltage  regulator/impedance  translator  regulates  the  voltar.e  of  the  local  oscillator 
and  mixer  stages,  eliminates  the  carrier  at  the  output,  and  provides  a low  output 
impedance  at  the  cable  terminals.  Diagrams  are  inciudec. 
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21  A74-26345  ' ' 

A SOLID-STATE  CONVERTER  FOR  MEASUREMENT  OF  AIRCRAFT  NOISE  AND  SONIC  BOOM 
Zuckerwar,  A. J.  (Youngstown  State  University,  Youngstown,  Ohio),  Shope,  W.W.  (Ford 
Motor  Co.,  Dearborn,  Mich.) 

IEEE  Transactions  on  Instrumentation  and  Measurement,  vol.  IM.23,  Mar.  1974,  p 23-27, 
8 refs.  Grant  No.  NCR- 36-028-004 

A solid-state  converter,  used  in  a system  of  instrumentation  for  measuring  aircraft 
noise  and  sonic  boom,  features  a dual-gate  FET  mixer  aqd  an  output  stage  designed 
for  compatibility  with  a zero  drive  amplifier.  With  a half-inch  condenser  micro- 
phone the  converter  itself  has  an  operating  frequency  range  from  dc-28  kHz  (-3  dB) , 
a dynamic  range  of  72  dB,  and  a noise  floor  of  50  dB  in  the  band  from  22.4  Hz  to 
22.4  kHz;  the  system  requires  no  impedance  matching  networks  and  is  insensitive  to 
cable  length  up  to  at  least  3000  ft. 


3 . Jet  Noise 

22  A75-I5404 

AN  EXPERIMENTAL  STUDY  OF  THE  EFFECTS  OF  UPSTREAM  OBSTRUCTIONS  UPON  SUBSONIC  JET  NOISE 
f Ahuja,  K.K.  (Syracuse  University,  Syracuse,  N.Y.) 

Journal  of  Sound  and  Vibration,  vol.  37,  Nov.  22,  1974,  p 205-234,  37  refs 

Results  obtained  for  noise  produced  by  two  obstructions  - one  circular  (I  inch 
diameter  by  2.84  inch  long)  and  another  rectangular  (0.4  inch  thick  by  I inch  wide 
by  2.84  inch  long)  in  shape  - immersed  in  both  'clean*  and  turbulent  flows  4.8  inches 
upstream  of  the  nozzle  exit  are  described.  Variations  of  overall  sound  pressure 
levels  (OASPL's)  and  power  watt  levels  with  jet  exit  velocity  and  the  directivities  of 
OASPL's  are  considered  in  detail.  Considerable  care  was  taken  to  ensure  that  any 
comparison  of  the  obstruction  generated  noise  with  the  'clean'  jet  noise  is  for  the 
same  mean  jet  exit  velocity  and  thrust.  The  mean  jet  exit  velocity  was  derived  from 
» the  measured  velocity  profile  at  the  nozzle  exit  in  each  case. 


« 

* 

> 


4 

* 

y 

i 


23  N74-27505  Pennsylvania  State  Univ.,  University  Park 

INVESTIGATION  OF  THE  LARGE  SCALE  COHERENT  STRUCTURE  IN  A JET  AND  ITS  RELEVANCE 
TO  JET  NOISE 

Arndt,  R.E.A.,  George,  W.K. 

[ 1 974  ] 20  p refs 
(Grant  NCR- 3 9-009-2 70) 

(NASA-CR- 1 38908)  Avail:  NTIS  HC  $4.00 

A study  was  conducted  to  determine  the  causes  of  aircraft  noise  in  large  jet  aircraft. 

It  was  determined  that  jet  noise  varies  strongly  with  velocity  and  that  significant  pure 
tones  are  generated  by  rotor-stator  interaction  in  the  jet  engines.  An  objective 
method  for  deducing  the  large  eddy  structure  in  a large  jet  is  described.  The  provi- 
sions of  Lighthill's  theory  are  analyzed  and  applied  to  investigating  the  nature  of 
jet  noise.  There  is  considerable  evidence  that  a large  scale  coherent  structure 
exists  in  a jet  and  that  this  structure  can  play  a major  role  in  sound  radiation. 
Mathematical  models  are  developed  to  define  the  parameters  of  orthogonal  decomposi- 
tion, finite  extent  velocity  field,  homogeneous  fields,  and  periodic  velocity  fields. 


24  A75-25754 

AMBIENT  AND  INDUCED  PRESSURE  FLUCTUATIONS  IN  SUPERSONIC  JET  FLOWS 
Barra,  V,  Slutsky,  S.,  Panunzio,  S.  (New  York  University,  Westbury,  N.Y.) 

American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference,  2nd, 
Hampton,  Va.,  Mar.  24-26,  1975,  Paper  75-482.  14  p 29  refs.  Grant  No.  NGR-33-01 6- 1 77 

An  experimental  investigation  of  the  ambient  static  pressure  fluctuations  and  induced 
acoustic  fields  in  supersonic  jet  flows  has  been  undertaken  to  identify  possible  noise 
sources  and  the  mechanisms  involved  in  the  propagation  of  disturbances  within  the  flows. 
The  axisyuznet ric  cold  air  jet  under  investigation  exhausted  from  a 7-in.  exit  diameter 
C-D  nozzle  run  in  two  conditions:  one  yielding  a fully  expanded  flow  and  the  other 
an  overexpanded  flow.  The  survey  of  static  pressure  fluctuations  consisted  of  measure- 
ments of  the  overall  levels  and  spectra  of  the  fluctuations  along  the  centerline  of 
the  two  f lows  and  the  variation  in  level  across  various  transverse  sections.  The 
second  aspect  of  the  study  involved  the  development  of  a procedure  for  tracing  the 
propagation  of  externally  induced  periodic  pressure  disturbances  inside  the  jet. 
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25  N74-21898  General  Electric  Co. .Philadelphia,  Pa. 

A FORWARD  SPEED  EFFECTS  STUDY  ON  JET  NOISE  FROM  SEVERAL  SUPPRESSOR  NOZZLES  IN  THE 

NASA /AMi: S 40“  BY  80- FOOT  WIND  TUNNEL  Final  Report 

Beu Ike,  M.R.,  Clapper,  W.S.,  McCann,  E.G.,  Morozumi,  H.M. 

3 May  1974  264p  refs 
(Contract  NAS2-7457) 

(NASA- CR~ 114741)  Avail:  NTIS  HC  $16.25 

A test  program  was  conducted  in  a 40  by  80  foot  wind  tunnel  to  evaluate  the  effect 
of  relative  velocity  on  the  jet  noise  signature  of  a conical  ejector,  auxiliary 
inlet  ejector,  32  spokes  and  104  tube  nozzle  with  and  without  an  acoustically 
treated  shroud.  The  freestream  velocities  in  the  wind  tunnel  were  varied  from  0 
to  103.6  m/sec  (300  ft/sec)  for  exhaust  jet  velocities  of  259.1  m/sec  (850  ft/sec) 
to  609.6  m/sec  (2000  ft/sec).  Reverberation  corrections  for  the  wind  tunnel  were 
developed  and  the  procedure  is  explained.  In  conjunction  with  wind  tunnel  testing 
the  nozzles  were  also  evaluated  on  an  outdoor  test  stand.  The  wind  tunnel 
microphone  arrays  were  duplicated  during  the  outdoor  testing.  The  data  were  then 
extrapolated  for  comparisons  with  data  measured  using  a microphone  array  placed  on 
a 30.5  meter  (100  ft)  arc.  Using  these  data  as  a basis,  farfield  to  nearfield 
arguments  are  presented  with  regards  to  the  data  measured  in  the  wind  tunnel. 
Finally,  comparisons  are  presented  between  predictions  made  using  existing  methods 
and  the  measured  data. 

26  A75-27929 

AN  INVESTIGATION  OF  THE  NOISE  FROM  A SCALE  MODEL  OF  AN  ENGINE  EXHAUST  SYSTEM 

Bryce,  W.D.,  Stevens,  R.C.K.  NOTE,  Farnborough,  Hants,  England 

American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference, 

2nd,  Hampton,  Va.,  Mar.  24-26,  1975,  Paper  75-459.  16  p.  14  refs. 

To  assist  in  the  identification  and  understanding  of  the  noise  sources  which 
contribute  to  the  exhaust  noise  of  aircraft  gas-turbine  engines,  controlled 
experiments  have  been  carried  out  to  study  the  noise  characteristics  of  a model 
turbojet  exhaust  system.  The  noise  data  have  been  related  to  measurements  of  the 
aerodynamic  conditions  in  the  model  and,  with  the  aid  of  specific  diagnostic  tests, 
the  predominant  noise  mechanisms  are  considered  to  have  been  recognized.  The  noise 
radiation,  above  that  of  the  jet,  is  attributed  primarily  to  dipole  sources 
generated  by  the  turbine  outlet  struts,  the  transmission  of  this  noise  being 
modified  by  duct  propagation  and  nozzle  impedance  effects. 

27  N74-28240  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 
Cleveland,  Ohio 

FLIGHT  VELOCITY  EFFECTS  ON  THE  JET  NOISE  OF  SEVERAL  VARIATIONS  OF  A 104-TUBE 
SUPPRESSOR  NOZZLE 
Burley,  R.R. 

Washington  Jul.  1974  53  p refs 

(NASA-TM-X- 3049 ; E-7901)  Avail:  NTIS  HC  $3.75 

At  the  relatively  high  takeoff  speeds  of  supersonic  transport  aircraft,  an  important 
question  concerns  whether  the  flight  speed  affects  the  noise  of  suppressor  nozzles. 
To  answer  this  question,  flyover  and  static  tests  using  a modified  F-106B  aircraft 
were  conducted  on  a 104-tube  suppressor  nozzle.  Comparison  of  adjusted  flyover 
and  static  spectra  indicated  that  flight  velocity  had  a small  adverse  effect  on  the 
suppression  of  the  104-tube  suppressor.  The  adverse  effect  was  larger  with  the 
acoustic  shroud  installed  than  without  it. 


28  N 75-26292  Stanford  Univ.,  Calif. 

AN  EXPERIMENTAL  STUDY  OF  THE  STRUCTURE  AND  ACOUSTIC  FIELD  OF  A JET  IN  A CROSS  STREAM 
Ph.D.  Thesis 
Camelier,  I.de  A. 

1975  1 35 p 

Avail:  Univ.  Microfilms  Order  No  75-13493 

In  order  to  understand  the  noise  generated  and  radiated  by  a high  speed  circular 
jet  issuing  normally  into  an  otherwise  uniform  stream,  such  as  in  the  case  of  V/STOL 
aircraft,  experimental  studies  were  carried  out  in  7 x 10  foot  wind  tunnel.  The  jet 
is  1.5  inches  in  diameter  and  is  operated  at  a fixed  Mach  number  equal  to. 58.  The 
tunnel  velocity  is  changed  to  very  the  ratio  of  the  speed  of  the  jet  to  that  of  the 
uniform  stream  in  the  range  from  3.7  to  9.4.  Measurements  for  zero  crossflow  were 
also  included.  A survey  of  the  plane  of  symmetry  of  the  jet  was  performed  to 
measure  the  mean  and  turbulent  velocity  fields  by  using  constant  temperature  hot 
wire  anemometry.  The  intensity  of  the  noise  radiated  from  the  jet  was  determined 
in  the  tunnel  test  section  by  utilizing  the  cross-correlation  at  a particular  time 
delay  between  the  signals  of  two  microphones  suitably  located  along  a given 
direction. 


29  A75-41800 

DISCRETE  ACOUSTIC  RADIATION  FROM  A HIGH-SPEED  JET  AS  A SINGULAR  PERTURBATION 
PROBLEM 

Chan,  Y.Y.  National  Research  Council,  High-Speed  Aerodynamics  Lab.,  Ottawa,  Canada 
Canadian  Aeronautics  and  Space  Journal,  vol.  21,  June  1975,  p.  221-227.  12  refs 

The  directional  radiation  of  acoustic  waves  generated  by  the  shear  layer  instability 
of  a high-speed  jet  has  been  analyzed  as  a singular  perturbation  problem.  Solutions 
up  to  the  first  order  are  obtained  by  the  technique  of  matched  asymptotic  expansion. 
The  zero  order  solution  is  the  viscous  mixing  of  the  jet.  The  first  order  outer 
expansion  yields  the  acoustic  wave  equation  and  the  inner  expansion  the  small 
disturbance  equations  for  the  jet  instability.  The  analysis  is  applied  to  a 
small  helium  jet  emanating  into  the  surrounding  air.  The  calculated  radiation 
frequencies  and  wave  numbers  are  in  good  agreement  with  experimental  data. 


30  N74-18669 

INVESTIGATION  OF  FAR-FIELD  AND  NEAR-FIELD  JET  NOISE  Ph.D.  Thesis 
Chen,  C.Y.  Cincinnait  Univ.,  Ohio 
1973  167p 

Avail:  Univ.  Microfilms  Order  No  74-95167 

t 

A method  is  presented  for  estimating  jet  noise  in  terms  of  the  details  of  the 
< turbulent  field.  The  acoustic  characteristics  of  a jet  are  obtained  by  evaluating 

contributions  from  the  distribution  of  sound  sources  represented  as  small  volume 
ji  elements  of  turbulence.  Each  volume  element  is  regarded  as  an  elementary  sound 

generator  emitting  acoustic  energy  at  a characteristic  frequency.  Several  models 
for  far-  and  near-field  calculations  based  on  various  extensions  of  Lighthill's 
quadrupole  theory  are  formulated  and  evaluated  by  comparing  with  experimental  data. 

It  is  shown  that  quantitative  estimates  are  obtainable  for  both  the  far  and  near 
field.  The  strength  distribution  of  sound  sources  in  a jet  obtained  in  the  present 
calculation  is  in  agreement  with  the  generally  accepted  theory.  It  is  also  shown  that 
an  increase  of  initial  turbulence  level  causes  a more  pronounced  increase  of  sound 
at  high  frequencies  than  at  low  frequencies  for  the  far  and  near  field. 
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31  A75-18302 

CALCULATIONS  OF  FAR-FIELD  AND  NEAR-FIELD  JET  NOISE 

Chen,  C.Y.  United  Aircraft  Research  Laboratories,  East  Hartford,  Conn. 

American  Institute  of  Aeronautics  and  Astronautics,  Aerospace  Sciences  Meeting, 

13th,  Pasadena,  Calif.,  Jan.  20-22,  1975,  Paper  75-93.  18p  60  refs 

A method  is  presented  for  estimating  the  noise  produced  by  both  cold  and  hot,  shock- 
free  round  jets  in  terms  of  the  details  of  the  turbulent  field.  The  acoustic 
characteristics  of  the  jet  are  obtained  by  evaluating  contributions  from  distributed 
sound  sources  represented  as  small  volume  elements  of  turbulence.  Each  volume 
element  is  regarded  as  an  independent  sound  generator  emitting  acoustic  energy  at  a 
characteristic  frequency.  Several  models  for  far-field  and  near-field  noise 
calculations  based  on  various  extensions  of  Lighthill’s  quadrupole  theory  are 
formulated  and  evaluated  by  comparing  with  experimental  data.  It  is  shown  that 
quantitative  estimates  are  obtainable  for  both  the  far  and  near  fields.  The  strength 
distribution  of  sound  sources  in  a jet  obtained  in  the  present  calculation  is  in 
agreement  with  generally  accepted  theory.  The  initial  turbulence  level  of  a jet  is 
shown  to  significantly  affect  far  and  near  field  noise  levels  and  the  high  frequency 
portion  of  the  noise  spectra. 


32  A75-2  7930 

SUBSONIC  JET  NOISE  IN  FLIGHT  BASED  ON  SOME  RECENT  WIND-TUNNEL  TESTS 
Cocking,  B.J.,  Bryce,  W.D.  NGTE,  Farnborough,  Hants,  England 
American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference 
2nd,  Hampton,  Va.,  Mar.  24-26,  1975,  Paper  75-462  20  p.  24  refs 

The  mixing  noise  produced  by  a cold  subsonic  air  jet  has  been  measured  under 
simulated  flight  conditions  in  a large  open-jet  wind  tunnel  which  has  been  modified 
for  acoustic  work.  At  a noise  emission  angle  of  90  degrees  to  the  jet  axis,  the 
overall  sound  pressure  level  reduces  approximately  in  proportion  to  the  fifth 
pwoer  of  the  relative  jet  velocity  and  the  noise  reductions  in  the  rear  arc 
increased  steadily  as  the  jet  axis  is  approached.  These  results  are  compared  with 
theory,  and  together  with  some  limited  data  obtained  from  a coaxial  jet,  are  used 
as  the  basis  for  a discussion  on  the  prediction  of  jet  noise  in  flight. 


I 

I 

t. 


t 


B-l  I 

33  A75-37901 

COHERENT  STRUCTURE  IN  A LOCALLY  SUBSONIC  HOT  JET 
(STRUCTURE  COHERENT  DANS  UN  JET  CHAUD  LOCALE ME NT  SUBSONIQUE) 

Dahan,  C.,  Elias,  G.,  Le large;  A. 

(Societe  Francaise  de  Physique,  Congres,  Dijon,  France,  June  30-July  4, 

1975)  ONKRA , TP  no.  1975-69,  1975.  22  p.  13  refs.  In  French 

Near-field  microphonic  exploration  and  infrared  radiometry  of  a subsonic  free  jet 
indicate  the  presence  of  large-scale  turbulence  structures  in  the  mixing  zone  of 
the  jet.  A linear  hydrodynamic  instability  approach  to  the  locally  stratified 
flow  forms  the  basis  for  a second-order  analysis  of  the  radiometric  signals. 

An  approach  oriented  toward  the  dynamics  of  the  turbulent  motions  is  used  to 
characterize  the  mixing  mechanism;  it  is  shown  that  the  large  coherent  structures, 
formed  between  one  and  two  diameters  downstream,  reach  the  end  of  the  potential 
cone  without  being  severely  degraded,  having  traveled  at  a constant  mean  velocity. 

A transition  is  then  initiated  at  this  point. 


34  N73-28177  Michigan  State  Univ.,  East  Lansing.  Div.  of  Engng  Research 

PRELIMINARY  RESULTS  FOR  A LARGE  ANGLE  OBLIQUE  JET  IMPINGEMENT  AND  FLOW  AND  FOR  THE 
EFFECT  OF  INITIAL  CONDITIONS  ON  THE  NEAR  FIELD  OF  AN  AXI SYMMETRIC  JET 
Foss,  J.F.,  Kleis,  S.J. 

I 25  May  1973  61  p refs 

(Grant  NGR- 2 3-004-06 8) 

( NASA-CR- 121257;  SAK-?)  Avail:  NTIS  HC  $5.25 

1 

The  structure  of  an  axis ymrne trie  jet  in  the  near  field  is  discussed  for  jet  noise 
and  for  jet  impingeme.it  schemes  for  STOI.  aircraft.  It  is  inferred  from  previous 
studies,  and  the  inference  is  supported  by  analysis,  that  the  scale  and  intensity 

of  the  turbulence  structure  at  the  jet  exit  plane  are  the  important  boundary  } 

conditions  which  effect  the  development  of  the  flow  in  the  near  field.  The 
techniques  to  study  these  affects  while  maintaining  a uniform  mean  flow  and  the 
t results  which  document  the  range  of  the  initial  conditions  are  presented.  The  large 

angle,  oblique  jet  impingement  conditions  is  of  interest  in  terras  of  the  jet/flap 
interaction.  Detailed  turbulence  data  can  be  obtained  with  the  specially 
constructed  facility.  The  development  of  the  flow  and  instrumentation  system  and 
initial  data  from  the  new  facility  are  presented. 
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35  N75-11950  Tennessee  Univ.  Space  Inst.,  Tullahoma 

GOME  RESULTS  OF  AEROACOUSTIC  RESEARCH 
Goethert,  B.H. 

In  Tech.  Hochschule  Aachen  Short  Course  on  STOI.  Aircraft  Technol.  and  the  Community 
Vol-  2 1974  13  p refs 

Research  on  special  noise  producing  characteristics  of  unconventional  exhaust  nozzles 
such  as  multicircular  nozzles,  slot  nozzles,  and  nozzle#  with  flaps  as  noise  shields, 
is  reported.  Studies  have  been  initiated  on  exhaust  jets,  which  mix  with  secondary 
air  underneath  a shroud.  Such  a configuration  has  a region  of  high  turbulence,  and 
thus  also  of  intense  noise  shielded  from  the  outside,  and  discharges  the  exhaust 
jet  into  the  atmosphere  at  greatly  reduced  velocities,  leading  to  overall  exhaust 
noise  reduction.  Some  calculations  were  carried  out  in  order  to  determine  the 
potential  of  these  configurations.  Initial  test  results  with  shrouds  equipped  with 
internal  noise  attenuating  liners  confirmed  the  predicted  potential. 


36  N/5-21281  leunessee  Univ.  Space  Inst.,  Tullahoma 

SOME  RESULTS  OF  AEROACOUSTIC  RESEARCH 
Goethert,  B.H. 

(1974)  13  p refs 
Avail:  NTIS  HC  $3.25 

Fundamental  and  applied  research  in  the  field  of  exhaust  jet  noise,  emphasizing  the 
special  noise  producing  characteristics  of  unconventional  exhaust  nozzles  's  multi- 
circular, slot,  and  those  with  noise  flap  shields  are  reported.  Studies  were 
initiated  on  exhaust  jets,  which  mix  with  secondary  air  underneath  a shroud.  The 
guiding  idea  of  such  configurations  is  to  have  the  region  of  high  turbulence  and 
thus  also  of  intense  noise  shielded  from  the  outside,  and  have  the  exhaust  jet 
discharged  into  the  atmosphere  at  greatly  reduced  velocities.  At  such  reduced 
velocities,  the  external h gaoerated  noise  is  greatly  reduced,  and  in  conjunction 
with  the  internal  shielding  ot  the  primary  jet,  a significant  reduction  of  the 
total  exhaust  noise  can  be  expected. 
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37  A75-43741 

THE  LOW  FREQUENCY  SOUND  FROM  MULTIPOLE  SOURCES  IN  AXI SYMMETRIC  SHEAR  FLOWS,  WITH 
APPLICATIONS  TO  JET  NOISE 

Goldsmith,  M.E.  NASA,  Lewis  Research  Center,  Cleveland,  Ohio 
Journal  of  Fluid  Mechanics,  vol.  70,  Aug.  12,  1975,  p.  595-604.  18  refs 

A closed-form  solution  for  the  sound  radiation  from  multipole  sources  imbedded  in 
an  infinite  cylindrical  jet  with  an  arbitrary  velocity  profile  is  obtained.  It  is 
valid  in  the  limit  where  the  wavelength  is  large  compared  with  the  jet  radius. 
Simple  formulae  for  the  acoustic  pressure  field  due  to  convected  point  sources  are 
also  obtained.  The  results  show  (in  a simple  way)  how  the  mean  flow  affects  the 
radiation  pattern  from  the  sources.  For  convected  lateral  quadrupoles  it  causes 
the  exponent  of  the  Doppler  factor  multiplying  the  far-field  pressure  signal  to  be 
increased  from  the  value  of  3 used  by  Lighthill  to  5. 


38  N74-16728  Graham  Associates,  Shaw  Island,  Wash. 

THEORETICAL  STUDY  OF  THE  EFFECTS  OF  REFRACTION  ON  THE  NOISE  PRODUCED  BY  TURBULENCE 
IN  JETS  Final  Report 
Graham,  E.W.,  Graham,  B.B. 

Washington  NASA  Mar.  1974  104p  refs 
(Contract  NAS1-11533) 

(NASA-CR-2 390)  Avail:  NTIS  HC  $4.50 

The  production  of  noise  by  turbulence  in  jets  is  an  extremely  complex  problem. 

One  aspect  of  that  problem,  the  transmission  of  acoustic  disturbances  from  the 
interior  of  the  jet  through  the  mean  velocity  profile  and  into  the  far  field  is 
studied.  The  jet  (two-dimensional  or  circular  cylindrical)  is  assumed  infinitely 
long  with  mean  velocity  profile  independent  of  streamwise  location.  The  noise 
generator  is  a sequence  of  transient  sources  drifting  with  the  surrounding  fluid 
and  confined  to  a short  length  of  the  jet. 


39  N76-13883  Graham  Associates,  Shaw  Island,  Wash. 

THEORETICAL  STUDY  OF  REFRACTION  EFFECTS  ON  NOISE  PRODUCED  BY  TURBULENT  JETS 
Final  Report 

Graham,  E.W.,  Graham,  B.B. 

Washington  NASA  Dec.  1975  92p  refs 
(Contract  NAS1-12834) 

(NASA-CR-2632)  Avail:  NTIS  HC  $5.00 

The  transmission  of  acoustic  disturbances  from  the  interior  of  a jet  into  the  ambient 
air  is  studied.  The  jet  is  assumed  infinitely  long  with  mean  velocity  profile  indep- 
endent of  streamwise  location.  The  noise  generator  is  a sequence  of  transient 
sources  drifting  with  the  local  fluid  and  confined  to  a short  length  of  the  jet.  In 
Part  1,  supersonic  jets  are  considered.  Numerical  results  for  mean-square  pressure 
versus  angle  in  the  far-field  show  unexpected  peaks  which  are  very  sharp.  Analysis 
of  simplified  models  indicates  that  these  are  complex  quasi-resonant  effects  which 
appear  to  the  stationary  observer  in  a high  frequency  range.  The  peaks  are  real  for 
the  idealized  model,  but  would  be  smoothed  by  mathematical  integration  over  source 
position,  velocity,  and  frequency.  Subsonic  jets  were  considered  in  part  2,  and  a 
preliminary  study  of  the  near-field  was  attempted.  Mean-square  radial  displacements 
(or  mean  radial  energy  flow  or  space-time  correlations  of  radial  pressure  gradient) 
are  first  found  for  very  simple  cases.  The  most  difficult  case  studied  is  a 
sequence  of  transient  sources  at  the  center  of  a uniform-velocity  circular 
cylindrical  jet.  Here  a numerical  triple  integration  is  required  and  seems  feasible 
although  only  preliminary  results  for  mean  square  radial  displacement  are  now 
available.  These  preliminary  results  show  disturbances  decreasing  with  increasing 
radial  distance,  and  with  increasing  distance  upstream  and  downstream  from  the  source. 

A trend  towards  greater  downstream  disturbances  appears  even  in  the  near  field. 

40  N 75-24161  Illinois  Univ.,  Urbana 

AN  EXPERIMENTAL  INVESTIGATION  OF  THE  TURBULENT  CHARACTERISTICS  OF  CO-AXIAL  JET  FLOWS 
AND  THEIR  ROLE  IN  AERODYNAMIC  NOISE  GENERATION  Ph.D.  Thesis 
Hammersley,  R.J. 

1974  21 4p 

Avail:  Univ.  Microfilms  Order  No  75-11777 

An  experimental  and  analytical  study  of  the  velocity  and  pressure  fields  in  the 
turbulent  mixing  regions  of  a co-annular  jet  was  conducted.  These  results  were 
applied  to  the  prediction  of  the  aerodynamic  noise  by  jet  flows.  The  work  waa 
performed  on  an  isothermal,  subsonic  flow  system;  the  co-annular  nozzle  configurations 
provided  area  ratios  of  2.2  and  7.4  and  velocity  ratios  ranging  from  0.0  to  0.8  were 
examined.  The  turbulence  measurements  utilized  standard  constant  temperature  hot-wire 
anemometry  techniques  and  a pressure  transducer.  The  narrow-band  space-time  correlation 
model  was  applied  to  the  prediction  of  the  jet's  far-field  noise.  The  model  was  used 
to  specify  the  source  term  in  Ribner's  formulation  of  the  sound  radiated  by  a turbulent 
pressure  field.  The  results  were  compared  to  measured  noise  levels  and  the  dependence 
upon  the  several  input  parameters  was  discussed. 


41 


N 7 3—  21573  NASA,  Langley  Research  Center,  Langley  Station,  Va. 
ANALYSIS  OF  NOISE  PRODUCED  BY  AN  ORDERLY  STRUCTURE  OF  TURBULENT  JETS 
Hardin,  J.C. 

Washington  Apr.  1973  31  p refs 
(NASA-TN-D-7242;  L-8834)  Avail:  NTIS  HC  $3.00 


The  orderly  structure  which  has  been  observed  recently  by  numerous  researchers 
within  the  transition  region  of  subsonic  turbulent  jets  is  analyzed  to  reveal  its 
noise-producing  potential.  For  a circular  jet,  this  structure  is  modeled  as  a 
train  of  toroidal  vortex  rings  which  are  formed  near  the  jet  exit  and  propagate 
downstream.  The  noise  produced  by  the  model  is  evaluated  from  a reformulation 
of  I.ighthill's  expression  for  the  far-field  acoustic  density,  which  emphasizes 
the  importance  of  the  vorticity  within  the  turbulent  flow  field.  It  is  shown 
that  the  noise  production  occurs  mainly  close  to  the  jet  exit  and  depends 
primarily  upon  temporal  changes  in  the  toroidal  radii.  The  analysis  suggests 
that  the  process  of  formation  of  this  regular  structure  may  also  be  an 
important  contribution  of  the  high-frequency  jet  noise.  These  results  may  be 
helpful  in  the  understanding  of  jet-noise  generation  and  in  new  approaches  to 
jet-noise  suppression. 


42  N74-17004  California  Univ.,  Los  Angeles 

PRESSURE  CROSS-CORRELATIONS  IN  THE  INVESTIGATION  OF  AERODYNAMIC  NOISE  FROM  JETS 
Ph.D.  Thesis 
Hurdle,  P.M. 

1973  1 78p 

Avail:  Univ.  Microfilms  Order  No  73-28714 


Cross  correlation  techniques  were  employed  to  investigate  the  noise  generating 
source  distribution  for  a subsonic  free  jet.  The  cross  correlation  measurement 
was  the  basis  for  the  calculation  of  a Q-function,  which  is  defined  as  the  fraction 
(per  unit  volume)  of  the  mean  square  far  field  sound  pressure  originating  in  a 
particular  region  within  the  turbulent  volume.  Lraploying  this  Q-function,  the 
source  distributions  of  a free  jet  at  two  different  jet  exit  velocity  are 
quantitatively  described.  To  examine  the  validity  of  this  technique  employed, 
the  Q-function  was  integrated  over  a reasonable  turbulent  volume.  The  integration 
showed  good  agreement  with  the  theory.  The  results  of  this  experiment  showed  that 
the  turbulent  volume  mainly  responsible  for  the  noise  generated  is  confined  to  a 
rather  limiced  cylindrical  volume  centered  about  the  jet  axis  in  the  vicinity  of 
th^  end  of  the  potential  core  region  with  a length  of  approximately  six  jet  diameters. 


43  N74-27487  NASA,  Lewis  Research  Center  Cleveland,  Ohio 

ACOUSTIC  TESTS  OF  A 13.2  CENT I ME TER- DIAMETER  POTENTIAL  FLOW  CONVERGENT  NOZZLE 
karchmer.  A.M.,  Dorsch,  R.G.,  Friedman,  R. 

Washington  Jun.  1974  19  p refs 
(NASA-TM-X-2980)  Avail;  NTIS  HC  $3.00 
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An  experimental  investigation  of  the  jet  noise  radiated  to  the  far  field  from  a 15.2- 
enr-diam  potential  flow  convergent  nozzle  has  been  conducted.  Tests  were  made  with 
unheated  airflow  over  a range  of  subsonic  nozzle  exhaust  velocities  from  62  to  310m/sec. 
Mean  and  turbulent  velocity  measurements  in  the  flow  field  of  the  nozzle  exhaust 
indicated  no  apparent  flow  anomalies.  Acoustic  measurements  yielded  data  uncontaminated 
by  internal  and/or  background  noise  to  velocities  as  low  as  152m/sec.  Finally,  no 
significantly  different  acoustic  characteristics  between  the  potential  flow  nozzle  and 
simple  convergent  nozzles  were  found. 


44  N73-24697  Lockheed  Missiles  and  Space  Co.,  Palo  Alto,  Calif 

HIGH-FREQUENCY  SPECTRUM  DOMAIN  OF  TURBULENT  JET  NOISE 
Krasilnikov,  V.A.,  Shikhl inskaia,  R.E. 

(1973)  3 p refs  Trans  1.  into  ENGLISH  from  Vestn.  Mosk.  Univ.  Ser.  3-Fiz-Astron 

(Moscow)  v 12.  no  5,  1972,  p 626-628 

Avail:  NTIS  HC  $3.00  National  Trans  1 at  ions  Center  John  Crerar  Library, 
Chicago,  Illinois  60616 


The  expression  for  the  dependence  of  the  noise  power  spectral  density  on  the  radiation 
frequency  is  found  by  using  similarity  and  dimensional  analysis.  The  expression  is 
then  used  to  find  the  high  frequency  part  of  the  turbulent  jet  noise  spectrum  where 
viscosity  is  essential. 
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45  A75-25751 

EXPERIMENTS  ON  SUPERSONIC  JET  NOISE 

Laufer,  J.,  Schl inker,  R. , Kaplan,  R.E.  Southern  California,  University,  Los 
Angeles,  Calif.  American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics 
Conference,  2nd  Hampton,  Va.,  Mar.  24-26,  1975,  Paper  75-478.  16p  26  refs. 

US  Department  of  Transportation 
Contract  No  0S-00002 

Certain  aspects  of  the  noise  generation  by  a supersonic  jet  were  investigated  at 
jet  Mach  numbers  15,  2.0  and  2.5.  In  particular,  the  axial  source  strength  per 
unit  length,  w,  was  determined  using  a specially  developed  directional  micro- 
phone system.  The  integrated  value  of  w along  the  jet  axis  was  found  to  be 
consistent  with  the  sound  intensity  obtained  by  conventional  direction  micro- 
phone confirming  the  a priori  assumption  that  the  jet  consists  of  independent, 
spatially  compact  acoustic  sources.  The  main  finding  of  the  investigation  is  the 
presence  of  two  distinct  intense  noise  producing  regions  in  a jet  having  supersonic 
source  velocities,  the  upstream  region  radiating  in  the  form  of  Mach  waves. 

An  estimate  of  the  fraction  of  the  radiated  intensity  associated  with  the  Mach 
waves  is  also  made. 


46  A75-26234 

DEVELOPMENT  OF  ACOUSTIC  DISTURBANCES  IN  SUPERSONIC  ANNULAR  JETS 
(RAZVITYE  AKUSTICHESKIKH  VOZMUSHCHENII  V SVERKHZVUKOVYKH  KOL'TSEVYKH  STRUIAKH) 
Lebedev,  M.G.,  Telenin,  G.F.  Moskovskii  Gosudarstvenny i Universiter,  Institut 
Mekhaniki,  Nauchnye  Trudy,  no.  30,  1973,  p.  182-199.  In  Russian 

The  present  work  investigates  theoretically  the  interaction  of  a supersonic  jet 
issuing  from  an  annular  nozzle  with  an  external  acoustic  field.  The  sound  waves 
are  taken  to  be  traveling  towards  the  nozzle,  and  the  analysis  concerns  in 
particular  the  effect  of  the  interior  region  between  the  nozzie  end  and  the  area 
where  the  ring  jet  comes  together  to  form  a single  jet  on  the  sound  field.  This 
interior  region  has  certain  resonating  properties.  The  analysis  is  carried  out  in 
a linear  approximation  for  both  planar  and  cylindrical  models  and  for  the  two 
cases  when  the  disturbances  on  opposite  sides  of  the  jet  are  either  in  phase  or 
antiphase.  Expressions  are  derived  for  certain  characteristic  frequencies  at 
which  disturbances  in  the  jet  and  the  interior  region  significantly  exceed  those 
in  the  external  field. 


47  N75-28021  Old  Dominion  Univ,  Research  Foundation,  Norfolk  Va.  School  of  Engng 

ANALYTICAL  SIMULATION  OF  THE  FAR- FIELD  JET  NOISE  AND  THE  UNSTEADY  JET  FLOW-FIELD 
3Y  A MODEL  OF  PERIODIC  SHEDDING  OF  VORTEX  RING  FROM  THE  JET  EXIT  Final  Technical  Rep  • 
Liu,  C.H. 

Aug.  1975  4 p 
(Grant  NsG-1144) 

(NASA-CR- 143211;  TR-75-T10)  Avail;  NTIS  HC  $3.25 

The  construction  of  a theoretical  flow  field  due  to  shedding  of  vortex  rings,  the 
identification  of  the  controlling  parameters,  and  the  determination  of  whether  the 
theoretical  model  successfully  simulated  the  unsteady  pressure  field  near  jet  (and 
consequently  the  far  field  noise)  was  studied.  The  basic  parameters  contained  in 
the  analytic  solutions  were  the  epoch  at  which  a vortex  ring  was  shed  near  the  jet 
exit  and  the  eddy  viscosity  coefficient.  These  parameters  were  identified  from  the 
experimental  data  for  the  real-time  pressure  and  from  the  spread  of  the  mixing  layer 
of  the  jet.  Results  of  the  theoretical  analysis  show  good  qualitative  agreement 
with  the  experimental  data. 


48  A75-33067 

EXPERIMENTS  ON  THE  INSTABILITY  *AVES  IN  A SUPERSONIC  JET  AND  THEIR  ACOUSTIC  RADIATION 
McLaughlin,  D.K.,  Morrison,  G.L.,  Troutt,  T.R.  (Oklahoma  State  University,  Stillwater, 
Okla).  Journal  of  Fluid  Mechanics,  vol.  69,  May  13,  1975,  p.  73-95.  26  refs. 

NSF  Grant  No  GK- 32686 

The  instability  and  acoustic  radiation  of  an  axisymmetric  supersonic  jet  of  low 
Reynolds  number  are  studied  experimentally.  Hot-wire  measurements  in  the  flow  field 
and  microphone  measurements  in  the  acoustic  field  are  obtained  from  different  size 
jets  at  Mach  numbers  of  about  2.  Hot-wire  measurements  indicate  that  the  instability 
process  in  the  perfectly  expanded  jet  consists  of  numerous  discrete  frequency  modes 
around  a Strouhal  number  of  0.18,  where  the  waves  grow  almost  exponentially  and 
propagate  downstream  at  a velocity  greater  than  the  ambient  speed  of  sound.  Microphone 
measurements  show  that  the  wavelength,  wave  orientation,  and  frequency  of  the  acoustic 
radiation  generated  by  the  dominant  instability  agree  with  the  Mach  wave  concept.  The 
sound  pressure  levels  measured  in  the  low  Reynolds  number  jet  extrapolate  to  values 
approaching  the  noise  levels  measured  by  other  invest igators  in  high  Reynolds  number 
jets,  so  that  noise  generation  in  high  Reynolds  number  jets  is  attributed  mainly  to 
' rge  scale  instability.  The  agreement  of  experimental  results  with  Tam's  theoretical 
predictions  is  discussed. 
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49  N 7 3—  33181  NASA,  Langley  Research  Center,  Lane  ley  Station,  Va. 

ON  THE  RELATIONSHIP  BETWEEN  ACOUSTIC  ENERGY  DENSITY  FLUX  NEAR  THE  JET  AXIS  AND  FAR 
FIELD  ACOUSTIC  INTENSITY 
Maestrello,  L. 

Washington  Oct.  1973  64  p refs 
(NASA-TN-D-7269;  L-8871)  Avail:  NTIS  HC  $3.00 

By  measurement  and  analysis,  the  relationship  between  the  distribution  of  the  out; low 
of  acoustic  energy  over  the  jet  boundary  and  the  far-field  intensity  is  considered. 
The  physical  quantity  used  is  the  gradient  of  the  pressure  evaluated  on  a geometrical 
plane  at  the  smallest  possible  radial  distance  from  the  jet  axis,  but  outside  tit 
vortical  region,  in  the  area  where  the  homogeneous  wave  equation  is  reasonably  well 
satisfied.  The  numerical  and  experimental  procedures  involved  have  been  checked  out 
by  using  a known  source.  Results  indicate  that  the  acoustic  power  output  per  unit 
length  of  the  jet,  in  the  region  from  which  the  sound  emanates,  peaks  approximately 
9 diameters  downstream.  The  acoustic  emission  for  a jet  Strouhal  • umber  of  about 
0.3  exceeds  the  emission  for  all  othei  "'trouhal  numbers  nearly  everywhere  along  the 
measurement  plane.  However,  the  far-field  peak  intensity  distribution  obtained  from 
the  contribution  of  each  station  was  found  to  depend  on  the  spatial  extent  of  the 
region  where  sound  emanates  from  the  jet,  which,  in  turn,  depends  more  on  the  far- 
field  angle  than  on  the  Strouhal  number. 


! 50  A75-41349 

ON  THE  DEVELOPMENT  OF  NOISE-PRODUCING  LARGE-SCALE  WAVE LIKE  EDDIES  IN  A PLANE 
TURBULENT  JET 

Merkine,  L.O.,  Liu,  J.T.C.  (Brown  University,  Providence,  R.I.) 

Journal  of  Fluid  Mechanics,  vol.  70,  July  29,  1975,  p.  353-368,  28  refs 
« NSF  Grants  No  GK-10006;  No  ENG-73-04104;  Grant  No  NsG-1076 

The  paper  studies  the  development  of  large-scale  wavelike  eddies  in  a two-dimensional 
turbulent  jet,  extending  earlier  work  on  the  mixing  regions  (Liu,  1974).  The  basic 
* mean  flow  develops  from  one  of  mixing-region  type  with  an  initially  specified 

bo  uidary- layer  thickness  into  a fully  developed  jet.  This  study  brings  out  the  role 
of  the  varicose  and  sinuous  modes  as  they  develop  in  a growing  mean  flow.  In 
general,  it  is  found  that,  for  a given  frequency  parameter,  the  varicose  mode  has  a 
shorter  streamwise  lifetime  than  the  sinuous  mode.  For  lower  frequencies,  the 
latter  persists  past  the  end  of  the  potential  core  only  to  become  subject  to 
dissipation  by  the  enhanced  fine-scale  turbulent  activity  in  that  region. 
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51  A75-40209 

ON  TURBULENCE  AND  NOISE  OF  AN  AXISYMMETRIC  SHEAR  FLOW 

Michalke,  A.,  (Berlin,  Technische  Universitat,  Berlin,  West  Cermany) 

Fuchs,  H.V.  (Deutsche  Forschungs-  und  Versuchsansta 1 t fur  Luft-  und  Raumfahrt, 

Institut  fi!lr  Turbul enzf orschung,  Berlin,  West  Germany)  Journal  of  Fluid  Mechanics,  Vol -70 
July  15,  1975,  p.  175-205,  32  refs.  Research  supported  by  the  Deutsche 
Forschungsgemeinschaf t . 

The  noise  produced  by  mean  f low-turbulence  interaction  of  a circular  subsonic  jet  is 
investigated  theoretically,  and  expanded  in  aximuthal  constituents  of  the  turbulent 
pressure  fluctuations.  It  is  found  that  the  low-order  azimuthal  constituents  are 
the  most  efficient  sound  sources.  On  the  basis  of  pressure  correlation  measurements, 
the  azimuthal  constituents  are  determined  in  a low  Mach  number  jet.  It  is  found  that, 
in  a range  of  Strouhal  numbers  between  0.2  and  1,  the  first  three  to  four  azimuthal 
constituents  clearly  dominate  oyer  the  rest  of  the  turbulent  source  quantity.  A 
strictly  axisymmetric  ring  vortex  model  for  the  coherent  structure  of  the  turbulence 
is,  however,  shown  to  be  inappropriate. 


52  N75-30187  Toronto  Univ.  (Ontario)  Inst,  for  Aerospace  Studies 

CORRELATION  OF  JET  NOISE  DATA  IN  TERMS  OF  A SELF  NOISE  SHEAR  NOISE  MODEL 
Nosseir,  N.S.M. 

Jan  1975  44  p 

(Grant  AF-AF0SR-1885-70;  AF  Proj . 9781) 

(AD-A008899;  UTIAS-TN-193;  AF0SR-75-0496TR)  Avail:  NTIS 

The  theoretical  formalism  of  Ribner  (1964  and  1969)  was  applied  in  the  analysis  of  a 
large  body  of  experimental  jet  noise  data.  It  was  found  that  the  basic  directivity 
which  results  on  excluding  convection  and  refraction  effects  could  be  decomposed 
unambiguously  into  self  noise  and  shear  noise.  The  basic  self  noise  spectrum 
peaked  approximately  one  octave  higher  than  the  shear  noise  spectrum,  and  the  peak 
amplitudes  were  roughly  in  the  ratio  two  to  one.  Upon  frequency  shifting  and 
normalizing  alignments,  the  two  spectra  were  found  to  match  well  in  shape.  All 
these  properties  are  in  accord  with  the  theory.  The  self  noise-shear  noise  spectral 
similarity  was  applied  in  a formalism  for  jet  noise  prediction  utilizing  the  theory. 
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53  A75-44821 

SOUND  GENERATION  BY  HEATED  SUBSONIC  JETS 
Oberraeier,  F. 

(Max-Planck-Institut  fur  Stroraungsforschung,  Gottingen,  West  Germany) 

Journal  of  Sound  and  Vibration,  vol.  41,  Aug.  22,  1975,  p.463-472  15  refs 

The  noise  generation  by  the  turbulent  mixing  of  a heated  subsonic  jet  and  its  cold 
surroundings  is  discussed,  with  the  help  of  the  method  of  matched  asymptotic 
expansions,  separately  for  an  inner  region  where  hydrodynamical  characteristics 
dominate  and  for  an  outer  region  where  sound  fields  prevail.  The  actual  calculations 
then  can  be  confined  to  the  inner  region  since  the  first  approximation  of  the  outer 
solution  depends  only  on  the  multipole-character  of  the  inner  solution.  For  a first 
inner  approximation  compressibility  effects  are  negligible,  and  the  flow  field  can  be 
described  by  the  incompressible  approximation  of  the  flow  equations.  Monopole-like 
sources  are  possible  only  if  there  is  a mass  flow  between  the  heated  and  the  cold  gas  flow 
due  to  the  diffusion  caused  by  temperature  gradients.  This  effect  can  be  included 
by  disregarding  the  usually  applied  assumption  dS/dt  equals  0 (S  being  the  entropy). 

A qualitative  assessment  of  the  order  of  magnitude  of  these  effects  is  given. 

54  A74-21599 

JET  NOISE  FROM  COAXIAL  NOZZLES  OVER  A WIDE  RANGE  OF  GEOMETRIC  AND  FLOW  PARAMETERS 
Olsen,  W. , Friedman,  R.  (NASA,  Lewis  Research  Center,  Cleveland,  Ohio) 

American  Institute  of  Aeronautics  and  Astronautics,  Aerospace  Sciences  Meeting, 

, 12th,  Washington,  D.C.,  Jan.  30-Feb.  1,  1974,  Paper  74-43.  30  p.  12  refs. 

Members,  $1.50;  nonmembers,  $2.00 

Free  field  pure  jet  noise  data  were  taken  for  a large  range  of  coaxial  nozzle 
configurations.  The  core  nozzles  were  circular  (1  to  4 in  diam.)  and  plug  types. 

The  fan  to  core  area  ratio  varied  from  0.7  to  43.5,  while  the  velocity  ratio 

typically  varied  from  0 to  1.  For  most  cases  the  two  nozzles  were  coplanar  but  j 

large  axial  extensions  of  either  nozzle  were  also  tested.  Correlation  of  the  data 
resulted  in  a simple  procedure  for  estimating  ambient  temperature  subsonic  coaxial 
jet  noise  spectra  over  a wide  range  of  geometric  and  flow  parameters. 
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55  A75-25724 

NEW  EVIDENCE  OF  SUBSONIC  JET  NOISE  MECHANISMS 

Pao,  S.P.,  Maestrello,  L.  (NASA,  Langley  Research  Center,  Hampton,  Va.) 

American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference 
2nd,  Hampton,  Va.,  Mar.  24-26,  1975  Paper  75-437.  lOp 

Measurements  of  sound  gradient  near  a subsonic  jet  have  shown  that  coherent  sound 
is  emanated  from  the  flow  in  the  form  of  narrow  beams.  Within  any  given  short 
period  of  time,  sound  appears  to  come  from  small  volumes  in  the  jet  with  a preferred 
direction  of  propagation  for  that  particular  moment.  These  conclusions  are  drawn 
from  a large  data  base  using  correlation  techniques,  and  are,,  further  confirmed  by 
additional  experiments. 


56  A75-27934 

DENSITY  FLUCTUATIONS  AND  RADIATED  NOISE  FOR  A HIGH- TEMPERATURE  SUPERSONIC  JET 
Parthasarathy , S.P.,  Massier,  P.F.,  Cuffel,  R.F.,  Radbill,  J.R.  (California  Institute 
of  Technology,  Jet  Propulsion  Laboratory,  Pasadena,  Calif.). 

American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference 
2nd,  Hampton,  Va.,  Mar.  24-26,  1975,  Paper  75-483.  18  p.  5 refs 
Contract  No.  NAS7-100. 

Experimental  data  on  density  fluctuations  were  obtained  by  the  laser  Schlieren  method 
in  a supersonic  jet  which  at  the  nozzle  exit  had  a Mach  Number  of  1.43  and  a stagnation 
temperature  of  about  1090  K.  The  jet  emerged  into  the  ambient  atmosphere  in  an 
a*--  h»>i<  hamber,  correctly  expanded  from  a nozzle  which  had  an  exit  diameter  of  10.8 
sing  the  information  on  the  density  fluctuations  and  tlie  mean  shear  obtained  by 
pr  Nes,  the  autocorrelation  of  the  radiated  noise  was  calculated  by  a theory  that  is 
suitable  lor  Ma< h wave  emission.  This  theory  is  a modification  of  that  developed 
by  Ft<>w«s,  Williams  and  Maidanik  (1965).  The  calculated  noise  field  agrees  well  with 
that  obtained  by  using  microphones  outside  the  jet. 
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N 7 5—  1 '386 7 University  of  Southern  Ca  1 i I . , Los  Angeles.  Dept  of  Aerospace 
Engineering 

ORDERED  STRUCTURES  AND  .JET  NOISE 
Petersen,  R.A.,  Kaplan,  R.E.,  Laufer,  J. 

Oct  1974  58p 

(Contract  NAS3-17857) 

(NASA-CR- 134733)  Avail.  NTIS  HC  $4.25 

A series  of  measurements  of  near  field  pressures  and  turbulent  velocity  fluctuations 
were  made  in  a jet  having  a Reynolds  number  of  about  50, 000  in  order  to  investigate 
more  quantitatively  the  character  and  behaviour  of  the  large  scale  structures, 
and  to  ascertain  their  importance  to  the  jet  noise  problem.  It  was  found  that  the 
process  of  interaction  between  vortices  can  be  inhibited  by  artificially  exciting 
the  shear  layers  with  periodic  disturbances  of  certain  frequency.  The  turbulent 
fluctuation  amplitudes  measured  at  four  diameters  downstream  decreased  considerably. 
Finally,  it  was  observed  that  the  passage  frequency  of  the  structures  decreased 
with  x in  a similar  manner  as  the  frequency  corresponding  to  the  maximum  intensity 
radiation  emanating  from  the  same  value  of  x. 


A 75- 18303 

JET  NOISE  ANALYSIS  UTILIZING  THE  RATE  OF  DECAY  OF  KINETIC  POWER 
Pinkel,  B. 

American  Institute  of  Aeronautics  and  Astronautics,  Aerospace  Sciences  Meeting, 
13th,  Pasadena,  Calif.,  Jan,  20-22,  1975,  Paper  75-94.  lip  13  refs 

A simple  model  of  the  noise  generated  from  a gas  jet  discharging  into  the 
atmosphere  is  presented  to  facilitate  calculation  of  the  effects  of  nozzle  flow  and 
geometric  parameters  on  jet  noise.  Equations  are  derived  for  the  overall  sound 
power  and  the  sound  generated  per  unit  length  of  the  jet.  The  application  of  these 
equations  is  illustrated  by  computations  of  the  effects  on  noise  of  (l)  jet 
temperature  and  (2)  velocity  of  the  nozzle  relative  to  the  ambient  air.  Good 
agreement  between  the  computed  values  and  published  experimental  results  is  noted. 


N73-28989  National  Aeronautics  and  Space  Administration,  Flight  Research  Center, 
Edwards,  Calif. 

INVESTIGATION  OF  COAXIAL  JET  NOISE  AND  INLET  CHOKING  USING  AN  F-111A  AIRPLANE 
Putnam,  T.W. 

Washington  Aug  1973  32p  refs 

(NASA- TN-D- 7376:  H-685)  Avail:  NTIS  HC  $3.00 

Measurements  of  engine  noise  generated  by  an  F-111A  airplane  positioned  on  a 
thrustmeasuring  platiorm  were  made  at  angles  of  0 deg  to  160  deg  from  the  aircraft 
heading.  Sound  power  levels,  power  spectra,  and  directivity  patterns  are  presented 
for  jet  exit  velocities  between  260  feet  per  second  and  2400  feet  per  second.  The 
test  results  indicate  that  the  total  acoustic  power  was  proportional  to  the  eighth 
power  of  the  core  jet  velocity  for  core  exhaust  velocities  greater  than  300  meters 
per  second  (985  feet  per  second)  and  that  little  or  no  mixing  of  the  core  and  fan 
streams  occurred.  The  maximum  sideline  noise  was  most  accurately  predicted  by 
using  the  average  jet  velocity  for  velocities  above  300  meters  per  second  (985  feet 
per  second).  The  acoustic  power  spectrum  was  essentially  the  same  for  the  single 
jet  flow  of  afterburner  operation  and  the  coaxial  flow  of  the  nonafterburning 
condition.  By  varying  the  inlet  geometry  and  cowl  position,  reductions  in  the 
sound  pressure  level  of  the  blade  passing  frequency  on  the  order  of  15  decibels  to 
25  decibels  were  observed  for  inlet  Mach  numbers  of  0.8  to  0.9. 


N73-27923  Bolt.  Beranek  and  Newman  Inc.,  Cambridge,  Mass. 

SUPERSONIC  JET  NOISE  INVESTIGATION  USING  JET  FLUCTUATING  PRESSURE  PROBES 
Scharton,  T.D.,  White,  P.H.,  Rentz,  P.E. 

1973  1 3 1 p refs 

(Contract  F33615-71-C-1661 ) 

(AD- 762296:  BBN-2220:  AFAPL-TR-73-35)  Avail:  NTIS 

Various  mechanisms  of  jet  noise  generation  are  modeled  using  the  fluctuating  jet 
pressures  to  characterize  the  sources.  The  subsonic  mixing  mechanism  is  shown  to 
dominate  for  sonic  and  mildly  supersonic  jets.  An  input-output  relation  between 
the  jet  pressure  and  sound  pressure  spectral  densities  is  derived  and  verified. 
Fluctuating  pressure  probes  are  developed  to  measure  sources  of  noise  generation 
in  sonic  and  supersonic  jet  exhausts.  Jet  exhausts  with  total  temperatures  as  high 
as  3500F  may  be  measured.  Definitive  data  are  obtained  regarding  the  percentage 
of  the  sound  radiated  at  a given  angle  and  frequency  by  each  region  of  the  jet 
exhaust.  Simple  laser  refraction  experiments  support  the  fluctuating  pressure 
measurements . 
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61  A 75- 34256 

FRESSURK  FLUCTUATIONS  IN  AN  ANNULAR  JET  IN  WAKE  FLOW  (KOLEBANIIA  DAVLENI IA  V 
KOL’TSEVOI  STRUE  V SPUTNOM  POTOKE) 

Shvets,  A.I. 

Akadetniia  Nauk  SSSR,  Izvestiia,  Mekhanika  Zhidkosti  i Gaza, 

Mar-Apr  1975,  p 42-46  21refs  In  Russian 

The  influence  of  wake  flows  on  the  discrete  component  of  the  base-pressure  pulsation 
spectrum  of  jets  expelled  from  supersonic  annular  nozzles  is  studied  experimentally. 
Evidence  is  obtained  for  the  existence  of  two  types  of  discrete  components:  the 
first  type  is  induced  by  resonance  excitation  of  the  ejector,  anu  the  second  type 
by  acoustic  feedback.  The  critical  frequency  is  plotted  against  the  wake  Mach 
number  for  a cold  cylindrical  jet. 


62  N73-21929  General  Electric  Co.,  Cincinnati,  Ohio.  Aircraft  Engine  Group 
EFFECT  OF  CROSSFLOW  VELOCITY  ON  THE  GENERATION  OF  LIST  FAN  JET  NOISE  IN  VTOL 
AIRCRAFT 

Stimpert,  D.L.,  Fogg,  R.G. 

Feb  1973  43p  refs 

(Contract  NAS2-5462) 

(NASA-CR- 114571)  Avail:  NTIS  HC  $4.25 

Analytical  studies  based  on  a turbulent  mixing  noise  prediction  technique  indicate 
that  jet  noise  power  levels  are  increased  when  a jet  is  situated  in  a crossflow. 

V/STOL  model  transport  acoustic  test  data  obtained  in  the  NASA  Ames  40  ft  x 80  ft 
wind  tunnel  confirmed  this  jet  noise  power  level  increase  due  to  crossflow, 
increases  up  to  6 db  at  a Strouhal  number  of  2.5  and  crossflow  velocity  to  jet 
velocity  ratio  of  0.58  were  observed.  The  power  level  increases  observed  in  the 
experimental  data  confirm  the  predicted  power  level  increases. 

63  N76-12066  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 
Cleveland,  Ohio 

ON  THE  EFFECTS  OF  FLIGHT  ON  JET  ENGINE  EXHAUST  NOISE 
Stone,  J.R. 

1975  26p  refs  Presented  at  90th  Meeting  of  the  Acoust.  Soc.  of  Am., 

San  Francisco,  4-7  Nov  1975 

(NASA-TM-X-71819:  E-8518)  Avail:  NTIS  HC  $4.00 

Differences  between  flight  data  and  predictions  of  jet  engine  exhaust  noise  were 
reconciled  by  considering  the  combined  effects  of  jet  mixing  noise  and  internally 
generated  engine  exhaust  noise.  The  source  strength  of  the  internally  generated 
noise  was  assumed  to  be  unaffected  by  flight,  as  experiments  demonstrated.  The 
directivity  of  the  internally  generated  noise  was  assumed  to  be  the  same  statically 
as  that  given  in  the  NASA  interim  prediction  method  for  core  engine  noise.  However, 
it  was  assumed  that  in  flight  internally  generated  noise  is  subject  to  the  convective 
amplification  effect  of  a simple  source.  The  absolute  levels  of  internally  generated 
noise  were  obtained  from  an  empirical  fit  of  some  typical  engine  data.  The  static 
and  flight  jet  noise  were  predicted  using  the  above  prediction  method.  It  was  shown 
that  in  many  cases  much  of  the  flyover  noise  signature  is  dominated  by  internally 
generated  noise. 

64  A75-31086 

THE  INFLUENCE  OF  TEMPERATURE  ON  SHOCK-FREE  SUPERSONIC  JET  NOISE 

Tanna,  H.K.,  Dean,  P.D.,  (Lockheed-Georgia  Co.,  Marietta,  Ga.)  Fisher,  M.J., 

(Southampton  University,  Southampton,  England) 

Journal  of  Sound  and  Vibration,  vol  39,  Apr  22,  1975,  p 429-460  12  refs 

Contract  No  F33615-73-C-2032 

The  effect  of  flow  temperatu-e  on  the  sound  field  of  supersonic  shock-free  jets 
is  studied  experimentally  by  measuring  the  turbulent  mixing  noise  in  the  far-field 
from  four  2-inch  diameter  nozzles  situated  in  an  anechoic  room  that  provides  a 
free-field  environment.  To  minimize  additional  problems  of  convective  amplification 
and  refraction,  the  effects  of  temperature  on  mixing  noise  source  strengths  are 
evaluated  by  examining  the  data  at  90  deg  to  the  jet  axis  only.  It  is  shown  that 
there  are  in  general  two  sources  of  noise:  a source  which  results  from  Reynolds 
shear  stress  fluctuations,  and  a source  which  is  attributed  to  density  or  temperature 
fluctuations  promoted  by  the  turbulent  mixing  of  streams  with  dissimilar  temperatures. 
Highly  correlated  scaling  laws  for  the  velocity  and  temperature  dependencies  of  the 
spectra  of  these  noise  components  are  obtained  and  verified. 
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65  A75-22363 

SUPERSONIC  JET  NOISE  GENERATED  BY  LARGE  SCALE  DISTURBANCES 
Tam,  C.K.W.  (Florida  State  University,  Tallahassee,  Fla.) 

Journal  of  Sound  and  Vibration,  vol  38,  Jan  8,  1975,  p 51-79  26  refs 

NSF  Grant  No  GK-35790 

A body  of  experimental  evidence  is  now  available  which  tends  to  suggest  that  the 
dominant  part  of  supersonic  jet  noise  is  produced  by  large  scale  flow  disturbances. 

A mathematical  model  of  large  scale  disturbances  in  a supersonic  jet  is  presented  in 
this  paper.  It  is  believed  that  the  presence  of  large  scale  disturbances  not  only 
enhances  the  unsteady  entrainment  of  ambient  gas  into  the  jet  flow  but  also  causes 
the  jet  to  vibrate  laterally.  These  unsteady  processes  in  turn  induce  the  emission 
of  acoustic  waves  from  the  jet.  Numerical  calculations  of  the  far  field  noise  directivity 
pattern  of  a 2.2  Mach  number  cold  jet  according  to  the  proposed  model  compare  ' vorably 
with  experimental  measurements. 

66  N75-30170  Center  for  the  Study  of  Noise  in  Society,  Clastonbury,  Conn 
JET  ENGINE  NOISE  AND  ITS  CONTROL 

i Tyler,  J.M. 

In  AGARD  Aircraft  Noise  Generation,  Emission  and  Reduction 
; Jun  1975  25p  refs  (AGARD-LS-77) 

The  noise  of  turbojet  and  turbofan  engines  is  described  and  presented  in  a form 
useable  by  engine  and  aircraft  designers;  it  deals  primarily  with  the  practical  aspects 
of  aircraft  powerplant  noise.  Noise  from  the  wakes  of  turbojet  and  turbofan  engines, 
the  effects  of  engine  cycle  on  wake  noise,  and  the  possibilities  for  noise  reduction 
using  exhaust  noise  suppressors  are  discussed.  Methods  for  exhaust  noise  prediction 
are  presented.  Fan  and  compressor  noise,  including  a description  of  the  mechanisms 
of  fan  and  compressor  noise  generation,  was  investigated.  Design  practices  to  minimize 
v fan  and  compressor  noise  are  presented.  A discussion  of  turbine  and  combustion  noise, 

and  a summary  of  the  state  of  the  art  in  the  research  and  development  stage  are  included. 
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67  N73-32968  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 

Cleveland,  Ohio 

FORWARD  VELOCITY  EFFECTS  ON  JET  NOISE  WITH  DOMINANT  INTERNAL  NOISE  SOURCE 
Von  Glahn,  U.,  Goodykoontz,  J. 

1973  1 7p  refs 

Presented  at  86th  Meeting  of  Acoustical  Soc.  of  Am.,  Los  Angeles. 

30  0ct-2  Nov  1973 

( NAS A-TM-X- 7 1 A 3 8 : E-7694)  Avail:  NTIS  HC  $3.00 

Acoustic  data,  with  and  without  forward  velocity,  were  obtained  with  a circular 
nozzle  using  a quiet  flow  system  and  one  dominated  by  a low  frequency  internal  noise 
source  (analogous  to  combustion  noise).  Forward  velocity  effects  were  obtained  by 
installing  the  test  nozzle  in  a free  jet.  Farfield  noise  data  were  obtained  at  jet 
pressure  ratios  from  1.3  to  1.7  and  forward  velocities  up  to  260  ft/sec.  With  a quiet 
flow  system,  jet  noise  is  reduced  by  forward  velocity.  With  a dominant  low  frequency 
core  noise  source,  the  portion  of  the  noise  spectra  dominated  by  this  source  was 
not  appreciably  affected  by  forward  velocity. 


68  N75-22606  Illinois  Univ.,  Champaign 

TURBULENT  VELOCITY  FIELD  STRUCTURE  IN  A ROUND  JET  AND  ITS  RELATION  TO  FLUCTUATING 
PRESSURE  FIELDS  Ph  D THESIS 
Weber,  D.P. 

1974  327p 

Avail  Univ  Microfilms  Order  No  75-464 

An  experimental  examination  of  the  turbulent  velocity  field  structure  in  a 2.5  inch 
cold  jet  was  performed.  Primary  emphasis  was  given  to  the  description  of  the  structure 
within  the  driven  shear  layer  to  five  diameters  downstream.  Both  single  point  and 
two  point  correlation  measurements  were  made  with  a special  emphasis  on  the  modeling 
of  the  two  point  covariance  function  with  axisytmnetric  tensor  forms.  A higher  order 
stochastic  analysis  of  the  velocity  field  was  performed  using  an  extended  version  of 
the  single  variate  Gram-Char lier  expansion  of  the  probability  density  function.  A 
qualitative  examination  of  the  stochastic  structure  of  the  velocity  field  was  performed 
using  the  Wiener  Hermite  expansion  theory  for  turbulence  in  an  extended  version  to 
include  the  effect  of  mean  velocity  gradients.  Results  were  to  be  used  in  the 
prediction  of  fluctuating  pressure  fields,  as  in  the  problem  of  aerodynamic  noise 
generation,  or  in  the  more  general  shear  flow  dynamic  equations. 
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N75- 10088  New  York  Univ.,  NY.  Aerospace  and  Energetics  Lab. 

FLUID  DYNAMIC  ASPECTS  OF  JET  NOISE  GENERATION 
Final  Report  1 Oct  1973-30  Sep  1974 
30  Sep  1974  llOp  refs 
(Grant  NGR-33-016- 1 77) 

(NASA-CR- 140673)  Avail:  NTIS  HC  $5.25 

The  location  of  the  noise  sources  within  jet  flows,  their  relative  importance  to  the 
overall  radiated  field,  and  the  mechanisms  by  which  noise  generation  occurs,  are 
studied  by  detailed  measurements  of  the  level  and  spectral  composition  of  the 
radiated  sound  in  the  far  field.  Directional  microphones  are  used  to  isolate  the 
contribution  to  the  radiated  sound  of  small  regions  of  the  flow,  and  for  cross- 
correlation between  the  radiated  acoustic  field  and  either  the  velocity  fluctuations 
or  the  pressure  fluctuations  in  the  source  field.  Acquired  data  demonstrate  the 
supersonic  convection  of  the  acoustic  field  and  the  resulting  limited  upstream 
influence  of  the  signal  source,  as  well  as  a possible  increase  of  signal  strength 
as  it  propagates  toward  the  centerline  of  the  flow. 

N75-29104  Engineering  Sciences  Data  Unit,  London  (England) 

AN  INTRODUCTION  TO  GAS  TURBINE  EXHAUST  NOISE 
Jun.  1973  lOp  refs 

Sponsored  in  part  by  Ministry  of  Defense  (Procurement  Executive)  and  the  Roy. 

Aeron.  Soc. 

(ESDU-74001)  Copyright.  Avail:  NTIS  HC  $50.50 

Various  noise  sources  associated  with  gas  turbine  exhausts  are  described.  The 

data  are  applicable  to  methods  for  estimating  the  magnitude  of  exhaust  noise  sources 

for  far  field  noise,  which  is  assumed  to  be  at  distances  greater  than  50  jet  diameters. 


Noise  Associated  With  Lift  Augmentation  Devices 


A75-27932 

EFFECT  OF  FORWARD  SPEED  ON  JET  WING/FLAP  INTERACTION  NOISE 

Bhat,  W.V.,  (Boeing  Comnercial  Airplane  Co.,  Seattle,  Wash.),  Rosso,  D.G.  (Aeritalia 
S.p.A.,  Naples,  Italy) 

American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference, 

2nd,  Hampton,  Va.,  Mar.  24-26,  1975,  Paper  75-475.  8p  10  refs 

A series  of  model  tests  has  been  conducted  to  assess  the  problem  of  jet  wing/flap 
interaction  noise  for  low-aspect-ratio  I>-shaped  nozzles  located  on  the  upper  surface 
of  a wing.  The  measurements  have  been  made  using  far-field  and  near-field  wing- 
mounted  flush  microphones.  A prediction  procedure  for  static  interaction  noise  has 
been  formulated  from  far-field  low-frequency  interaction-noise  measurements  obtained 
under  static  conditions.  The  effect  of  forward  speed  on  interaction  noise  has  been 
investigated  experimentally  using  an  open- jet  tunnel.  These  test  data  show  that  both 
far-field  noise  and  the  near-field  wing  trai 1 ing-edge  pressure  fluctuations  are 
reduced  by  the  simulated  forward  speed. 

N73-26030  Linguistic  Systems,  Inc.,  Cambridge,  Mass. 

NOISE  CHARACTERISTICS  OF  A JET  AUGMENTED  FLAP  CONFIGURATION 
Burrand,  A. 

Washington  NASA.  Jun  1973  20p  refs 

Transl  into  ENGLISH  from  1 'Aeronaut ique  et  1 'Astronaut ique  (France)  no  39 
1973  p 44-54  Presented  at  the  3rd  Colloq.  on  Aeronautic  Acoustics.  Toulouse 
6-7  March  1972 
(Contract  NASw-2482) 

(NASA-TT-F- 14951)  Avail:  NTIS  HC  $3.00 

The  STOL-type  aircraft  lift  augmenting  requires  the  use  of  very  efficient  devices 
which,  however,  are  likely  to  be  sources  of  noise  themselves  or  may  modify  the  noise 
generated  by  the  jet-engines.  Among  these  devices  is  the  internal-flow  jet  augmented 
flap  wherein  a jet  from  auxiliary  generators  is  directed  onto  the  wing  flap  upper- 
surface.  The  noise  of  ^his  device  is  to  be  added  to  that  produced  by  the  engines. 
Static  tests  recently  performed  in  an  anechoic  chamber  have  made  it  possible  to 
investigate  the  various  possible  configurations  and  to  appraise  the  effect  of 
numerous  parameters.  The  application  of  results  at  full  scale  allows  the  noise 
level  of  this  STOL  type  to  be  evaluated. 
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73  N74-17752  Boeing  Commercial  Airplane  Co.,  Seattle,  Wash. 

DESIGN  INTEGRATION  AND  NOISE  STUDIES  FOR  JET  STOL  AIRCRAFT,  TASK  7C: 
AUGMENTOR  WING  CRUISE  BLOWING  VALVELESS  SYSTEM.  VOLUME  1:  STATIC 

TESTING  OF  AUGMENTOR  NOISE  AND  PERFORMANCE 
Campbell,  J.M.,  Herkonen,  D.L.,  O'Keefe,  J.V. 

Nov.  1973  45  p refs 
(Contract  NAS2-6344) 

(NASA-CR-1 14622:  D6-41216-Vol-l ) Avail:  NTIS  HC  $5.25 


Static  performance  and  acoustic  tests  were  conducted  on  a two-dimensional 
one-third-scale  augmentor  flap  model  that  simulated  a cruise  blowing  aug- 
mentor  system  designed  for  a scale  augmentor  flap  model  that  simulated  a 
150-passenger  STOL  air-plane.  The  cruise  blowing  augmentor,  which  offers 
a degree  of  simplicity  by  requiring  no  fan  air  diverter  valves,  was  simulated 
by  fitting  existing  lobe  suppressor  nozzles  with  new  nozzle  fairings.  Flow 
turning  performance  of  the  cruise  blowing  augmentor  was  measured  through  a 
large  range  of  flap  deflection  angles.  The  noise  suppression  characteristics 
of  a multilayer  acoustic  lining  installed  in  the  augmentor  were  also  measured. 


74  N74-14761  National  Aeronautics  and  Space  Administration,  Lewis  Research 

Center,  Cleveland,  Ohio. 

EFFECT  OF  CONFIGURATION  VARIATION  ON  EXTERNALLY  BLOWN  FLAP  NOISE 
Dorsch,  R.G.,  Goodykoontz,  J.H.,  Sargent,  N.B. 

1974  33p  refs  Presented  at  12th  Aerospace  Sci.  Meeting,  Washington,  D.C. 

30  Jan  - l Feb.  1974;  sponsored  by  AIAA 
(NASA-TM-X-71495;  F.-7858)  Avail:  NTIS  HC  $3.75 

f 

The  sensitivity  of  flap  interaction  noise  to  variations  in  engine-under-the- 
wing  externally  blown  flap  geometry  was  investigated  with  a large  cold-flow 
model.  Both  2-  and  3-flap  wing  sections  (7-ft  chord)  with  trailing  flap 
angles  up  to  60  deg  were  employed.  Exhaust  nozzles  included  coaxial,  plug, 
and  8-  and  13- inch  diameter  conical  configurations.  These  nozzles  were 
tested  at  two  positions  below  the  wing.  The  effects  of  these  geometry  varia- 
tions on  noise  level,  directivity,  and  spectral  shape  are  summarized  in  terms 
of  exhaust  flow  parameters  evaluated  at  the  nozzle  exit  and  at  the  flap  impinge- 
ment station.  The  results  are  also  compared  with  limited  flap  noise  data  avail- 
able from  tests  using  real  engines. 


D 

3 

v 

3 

3 

> 

•i 


4 

'3 


t-  >•*! 

A 


75  N73-18041  National  Aeronautics  and  Space  Administration,  Ames  Research  Center, 

Moffett  Field,  Calif. 

ACOUSTIC  CHARACTERISTICS  OF  A SEMISPAN  WING  EQUIPPED  WITH  AN  EXTERNALLY  BLOWN 
JET  FLAP  INCLUDING  RESULTS  AT  FORWARD  SPEED 
Falarski,  M.D. 

Washington  Mar.  1973  84  p refs  Prepared  in  cooperation  with  Army  Air  Mobility 
R and  D Lab.,  Moffett  Field,  Calif. 

(NASA-TM-X-2749;  A-4469)  Avail:  NTIS  HC  $3.00 

A wind-tunnel  investigation  was  made  of  the  noise  characteristics  of  a 14. 5— ft 
semispan,  externally  blown  jet  flap  model.  The  model  was  equipped  with  a single 
30-in.  diameter,  ducted  fan  with  a 1.03  pressure  ratio.  The  effects  of  flap 
size,  fan  vertical  location,  and  forward  speed  on  the  noise  characteristics  were 
studied.  With  the  ducted  fan  mounted  0.79  or  1.24  diameters  below  the  wing  and 
a flap  chord  greater  than  50  percent,  the  peak  perceived  noise  level  increased 
2 to  3 Pndb  when  the  flap  was  deflected  to  90  deg.  The  jet  scrubbing  noise 
increased  3 to  4 db  when  the  flap  was  deflected  90  deg.  Installation  of  the 
fan  on  the  wing  was  responsible  for  1 to  2 db  of  this  change.  Forward  speed 
did  not  have  a significant  effect  on  the  perceived  noise  level,  although  it 
did  cause  a reduction  in  the  sound  pressure  levels  of  the  first  and  second  fan 
harmonics . 


—a  ■ as  a 


% 

r 


t 


b :: 


I 


> 

/. 


% 

3 

a 

% 

1 

' J 

* 

I 


76  A75-10278 

COMPARISON  OF  THE  ACOUSTIC  CHARACTERISTICS  OF  LARGE-SCALE  MODELS  OF  SEVERAL 
PROPULS IVE-L I FT  CONCEPTS . 

Falarski,  M.D.  (U.S.  Army,  Air  Mobility  Research  and  Development  Laboratory, 

Moffett  Field,  Calif.). 

Aiken,  T.N.,  Aoyagi,  K.,  Koenig,  D.G.  (NASA,  Ames  Research  Center,  Moffett  Field, 
Calif.). 

American  Institute  of  Aeronautics  and  Astronautics  and  Society  of  Automotive  Engineers, 
Propulsion  Conference,  10th,  San  Diego,  Calif.,  Oct.  21-23,  1974,  AIAA  Paper  74-1094 
10  p.  10  refs.  Research  supported  by  the  Department  of  National  Defence  and  DeHavilland 
Aircraft  of  Canada,  and  NASA. 

Wind-tunnel  acoustic  investigations  were  performed  to  determine  the  acoustic  character- 
istics and  the  effect  of  forward  speed  on  the  over-the-wing  externally  blown  jet  flap 
(OTW) , the  under-the-wing  externally  blown  jet  flap  (UTW),  the  internally  blown  jet 
flap  (IBF),  and  the  augmentor  wing  (AW).  The  data  presented  represent  the  basic  noise 
generated  by  the  powered-lift  system  without  acoustic  treatment,  assuming  all  other 
noise  sources,  such  as  the  turbofan  compressor  noise,  have  been  suppressed.  Under 
these  conditions,  when  scaled  to  a 100,000-lb  aircraft,  the  OTW  concept  exhibited  the 
lowest  perceived  noise  levels,  because  of  dominant  low-frequency  noise  and  wing 
shielding  of  the  high-frequency  noise.  The  AW  was  the  loudest  configuration,  because 
of  dominant  high-frequency  noise  created  by  the  high  jet  velocities  and  small  nozzle 
dimensions.  All  four  configurations  emitted  noise  10  to  15  PNdb  higher  than  the  noise 
goal  of  95  PNdb  at  500  ft. 


77  N74-10052  National  Aeronautics  and  Space  Administration,  Ames  Research  Center, 

Moffett  Field,  Calif.  f 

ACOUSTIC  CHARACTERISTICS  OF  A LARGE-SCALE  AUGMENTOR  WING  MODEL  AT  FORWARD  SPEED 
Falarski,  M.D.,  Koenig,  D.G. 

Washington  Nov.  1973  42  p refs  Prepared  in  cooperation  with  Army  Air  Mobility 
R and  D Lab.,  Moffett  Field,  Calif. 

(NASA-TM-X-2940:  A-4964)  Avail:  NTIS  HC  $3.00 

The  augmentor  wing  concept  is  being  studied  as  one  means  of  attaining  short  takeoff  and 
landing  (STOL)  performance  in  turbofan  powered  aircraft.  Because  of  the  stringent  noise 
requirements  for  STOL  operation,  the  acoustics  of  the  augmentor  wing  are  undergoing 
extensive  research.  The  results  of  a wind  tunnel  investigation  of  a large-scale  swept 
augmentor  model  at  forward  speed  are  presented.  The  augmentor  was  not  acoustically 
treated,  although  the  compressor  supplying  the  high  pressure  primary  air  was  treated 
to  allow  the  measurement  of  only  the  augmentor  noise.  Installing  the  augmentor  flap 
and  shroud  on  the  slot  primary  nozzle  caused  the  acoustic  dependence  on  jet  velocity 
to  change  from  eighth  power  to  sixth  power.  Deflecting  the  augmentor  at  constant 
power  increased  the  perceived  noise  level  in  the  forward  quadrant.  The  effect  of  air- 
speed was  small.  A small  aft  shift  in  perceived  noise  directivity  was  experienced 
with  no  significant  change  in  sound  power.  Sealing  the  lower  augmentor  slot  at  a flap 
deflection  of  70  deg  reduced  the  perceived  noise  level  in  the  aft  quadrant.  The  seal 
prevented  noise  from  propagating  through  the  slot. 


78  A76-18778 

CORRELATION  OF  INTERNAL  SURFACE  TURBULENCE  WITH  FAR-FIELD  NOISE  OF  THE  AUGMENTOR  WING 
PROPULS IVE-L I FT  CONCEPT. 

Falarski,  M.D.  (NASA,  Ames  Research  Center;  U.S.  Army,  Air  Mobility  Research  and 
Development  Laboratory,  Moffett  Field,  Calif.). 

Wilby,  J.F.  (Bolt  Beranek  and  Newman,  Inc.,  Canoga  Park,  Calif.). 

Aiken,  T.N.  (NASA,  Ames  Research  Center,  Moffett  Field,  Calif.). 

American  Institute  of  Aeronautics  and  Astronautics,  Aerospace  Sciences  Meeting,  14th 
Washington,  D.C.  Jan  26  - 28,  1976,  Paper  76-79,  11  p 5 refs. 

A wind  tunnel  investigation  was  conducted  to  determine  the  nature,  strength,  and 
variation  with  airspeed  of  the  acoustic  sources  of  the  augmentor  wing  propulsive-lift 
concept.  The  augmentor  wing  overall  noise  is  dominated  by  the  high  frequency  jet  mix- 
ing noise  characteristic  of  the  lobed  primary  nozzle.  The  augmentor  modifies  the 
intensity  and  propagation  characteristics  of  the  jet  sources,  especially  those  that 
exist  inside  the  augmentor.  The  interaction  of  the  turbulent  flow  with  the  augmentor 
creates  low-frequency,  low-intensity  surface  noise  and  trailing  edge  noise.  These 
sources  dominate  any  jet  mixing  noise  that  is  present  at  the  low  frequencies  and  could 
become  significant  if  the  jet  noise  was  suppressed  by  treating  the  augmentor  with  a 
lining  tuned  to  the  jet  noise  source  location.  The  far-field  noise  of  the  untreated 
augmentor  is  unaffected  by  airspeed;  however,  this  may  not  be  the  case  when  the  jet 
noise  is  suppressed,  because  the  trailing  edge  surface  pressure  and  correlations  with 
far-field  noise  do  show  a reduction  with  forward  speed. 
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79  AD-25745 

SCRUBBING  NOISE  OF  EXTERNALLY  BLOWN  FLAPS. 

Fink,  M.R.  (United  Aircraft  Research  Laboratories,  East  Hartford,  Conn.). 

American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference, 

2nd,  Hampton,  Va.,  Mar.  24-26,  1975,  Paper  75-469,  12p,  22  refs. 

Contract  No.  NAS3-17863. 

An  experimental  study  was  conducted  to  examine  the  aero-acoustic  mechanism  that  produces 
externally  blown  flap  (EBF)  scrubbing  noise,  i.e.  a surface-radiated  noise  which  is 
generally  strongest  normal  to  UTW  deflected  flaps.  Scrubbing  noise  was  not  radiated 
from  portions  of  the  surface  adjacent  to  strong,  locally  coherent  turbulent  eddies. 
Instead,  scrubbing  noise  seemed  to  come  from  weak  loading  fluctuations  that  were 
coherent  along  the  scrubbed  span.  These  loading  fluctuations  probably  were  induced  by 
the  convected  large-scale  vortex  structure  of  the  attached  exhaust  jet.  Deflecting  a 
UTW  flap  would  reduce  the  distance  between  the  vortex  trajectory  and  the  flap  surface, 
increasing  the  resulting  dipole  noise  and  rotating  its  directivity.  In  contrast, 
deflecting  a USB  flap  would  increase  this  distance,  so  that  observable  scrubbing  noise 
would  be  radiated  only  from  the  undeflected  forward  portion  of  the  wing. 


80  N73-24059  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 

Cleveland,  Ohio. 

NOISE  TESTS  OF  A MIXER  NOZZLE-EXTERNALLY  BLOWN  FLAP  SYSTEM 
Goodykoontz,  J.H.,  Dorsch,  R.G.,  Groesbeck,  D.E. 

Washington  May  1973  56  p refs 

(NASA-TN-D-7236:  E-7288)  Avail:  NTIS  HC  $3.00 

f 

Noise  tests  were  conducted  on  a large  scale  model  of  an  externally  blown  flap  lift 
augmentation  system,  employing  a mixer  nozzle.  The  mixer  nozzle  consisted  of  seven  flow 
passages  with  a total  equivalent  diameter  of  40  centimeters.  With  the  flaps  in  the  30  - 
60  deg  setting,  the  noise  level  below  the  wing  was  less  with  the  mixer  nozzle  than  when 
a standard  circular  nozzle  was  used.  At  the  10  - 20  deg  flap  setting,  the  noise  levels 
were  about  the  same  when  either  nozzle  was  used.  With  retracted  flaps,  the  noise  level 
was  higher  when  the  mixer  nozzle  was  used. 


81  N74-16715  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 

Cleveland,  Ohio. 

ACOUSTIC  CHARACTERISTICS  OF  EXTERNALLY  BLOWN  FLAP  SYSTEMS  WITH  MIXER  NOZZLES 
Goodykoontz,  J.H.,  Dorsch,  R.G.,  Wagner,  J.M. 

(1974)  26  p refs  Presented  at  the  twelfth  Aerospace  Sciences  Meeting,  Wash.ngtin,  D.C., 

30  Jan  1 Feb  1974;  sponsored  by  AIAA 
( NASA-TM- X- 7 1 4 9 9 ) Avail:  NTIS  HC  $4.50 

Noise  tests  were  conducted  on  a large  scale,  cold  flow  model  of  an  engine-under-the-wing 
externally  blown  flap  lift  augmentation  system  employing  a mixer  nozzle.  The  mixer  nozzle 
was  used  to  reduce  the  flap  impingement  velocity  and,  consequently,  try  to  attenuate  the 
additional  noise  caused  by  the  interaction  between  the  jet  exhaust  and  the  wing  flap. 
Results  from  the  mixer  nozzle  tests  are  summarized  and  compared  with  the  results  for  a 
conical  nozzle.  The  comparison  showed  that  with  the  mixer  nozzle,  less  noise  was 
generated  when  the  trailing  flap  was  in  a typical  landing  setting  (e.g.  60  deg).  How- 
ever, for  a takeoff  flap  setting  (20  deg),  there  was  little  or  no  difference  in  the 
acoustic  characteristics  when  either  the  mixer  or  conical  nozzle  was  used. 


82  N75-15653  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 

Cleveland,  Ohio. 

FORWARD  VELOCITY  EFFECTS  ON  UNDER-THE-WING  EXTERNALLY  BLOWN  FLAP  NOISE 
Goodykoontz,  J.,  VonGlahn,  U.,  Dorsch,  R. 

1975  21  p refs  Proposed  for  presentation  at  2d  Aero-Acoustics  Specialists  Conf., 

Hampton,  Va.,  24-26  Mar.  1975;  sponsored  by  AIAA  J 

(NASA-TM-X-71656)  Avail:  NTIS  HC  $3.25 

! 

Noise  tests  were  conducted  with  small-scale  models  of  externally  blown-flap  powered- 
lift  systems  that  were  subjected  to  simulated  takeoff  and  landing  free-stream  velocities 
by  placing  the  nozzle-wing  models  in  a free  jet.  The  nozzle  configurations  consisted  of 
a conical  and  an  8-tube  mixer  nozzle.  The  results  show  that  the  free-stream  velocity 
attenuates  the  noise  from  the  various  configurations,  with  the  amount  of  attenuation 
depending  on  the  flap  setting.  More  attenuation  was  obtained  with  a flap  setting  of 
20  degrees  than  with  a flap  setting  of  60  degrees.  The  dynamic  effect  on  the  total 
attenuation  caused  by  aircraft  motion  is  also  discussed. 
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83  N75-11948  Motoren-  und  Turbinen-Union  Muenchen  G.m.b.H.  (West  Germany) 

PROPULSION  CONCEPTS  FOR  STOL  AIRCRAFT 
Grieb,  H.,  Klussman,  W. , Weist,  G. 

In  Tech.  Hochschule  Aachen  Short  Course  on  STOL  Aircraft  Technol  and  the  Community 
Vol  2 1974  58  p refs 

In  view  of  the  possibility  of  applying  STOL  capabilities  to  jet  transport  aircraft, 
the  technical  scope  for  developing  high  bypass  cruise  engines  and  for  designing  air 
supply  systems  for  wings  with  internally  blown  flaps  are  identified  and  dealt  with. 

The  effect  of  bypass  ratio  on  static  and  takeoff  thrust  and  on  general  dimensioning  is 
considered.  Engine  noise  and  technical  problems  are  elucidated.  Experimental  results 
on  air  supply  requirements  and  noise  emission  of  airfoils  with  externally  blown  flaps 
and  various  concepts  for  internally  blown  flaps  are  depicted.  Various  air  supply 
systems  are  reviewed  and  compared. 


84  N74-32438  Boeing  Commercial  Airplane  Co.,  Seattle,  Wash. 

STATIC  PERFORMANCE  AND  NOISE  TESTS  ON  A THRUST  REVERSER  FOR  AN  AUGMENTOR  WING  AIRCRAFT 
Herkonen,  D.L.,  Marrs,  C.C.,  O'Keefe,  J.V. 

July  1974  86  p refs 

* * (Contract  NAS2-7641) 

*’  (NASA-CR-137561 : D6-41926)  Avail:  NTIS  HC  $7.50 

A 1/3  scale  model  static  test  program  was  conducted  to  measure  the  noise  levels  and 
reverse  thrust  performance  characteristics  of  wing-mounted  thrust  reverser  that  could 
be  used  on  an  advanced  augmentor  wing  airplane.  The  configuration  tested  represents 
only  the  most  fundamental  designs  where  installation  and  packaging  restraints  are  not 
considered.  The  thrust  reverser  performance  is  presented  in  terms  of  horizontal, 

, vertical,  and  resultant  effectiveness  ratios  and  the  reverser  noise  is  compared  on  the  f 

basis  of  peak  perceived  noise  level  (PNL)  and  one-third  octave  band  data  (OASPL) . From 
an  analysis  of  the  model  force  and  acoustic  data,  an  assessment  is  made  on  the  stopping 
* distance  versus  noise  for  a 90,900  kg  (200,000  lb)  airplane  using  this  type  of  thrust 

reverser . 
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85  N74— 1 181 3 National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 

Cleveland,  Ohio. 

NOISE  TESTS  ON  AN  EXTERNALLY  BLOWN  FLAP  WITH  THE  ENGINE  IN  FRONT  OF  THE  WING 
Karchmer,  A.M.,  Friedman,  R. 

Washington  Dec.  1973  17  p refs 
(NASA-TM-X-2942:  E-7564)  Avail:  NTIS  HC  $2.75 

Noise  tests  were  conducted  with  a nozzle  exhausting  over  a small  scale  model  of  an 
externally  blown  flap  (EBF)  lift-augmentation  system,  with  exhaust  impingement  on  the 
wing  leading  edge.  Two  series  of  tests  were  conducted  with  wing  leading  edjte  inside 
the  nozzle;  and  with  leading  edge  set  back  from  the  nozzle  exit  plane  1 diameter  on  the 
jet  axis.  The  results  indicated  no  significant  differences  in  spectral  shape,  level, 
or  directivity  pattern.  Static  lift  and  thrust  tests  were  conducted  on  the  same  model  < 

indicated  considerable  flow  attachment  on  both  configurations,  with  slightly  greater 
attachment  and  turning  for  the  wing  outside  the  nozzle.  Finally,  a comparison  with 
engine-above  and  engine-below-the-wing  EBF's  tested  by  previous  investigators  shows  the 
acoustic  performance  of  the  configurations  tested  for  this  report  to  lie  between  the 
other  two. 


86  N75-15399  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 

Cleveland,  Ohio. 

ANALYSIS  OF  NOISE  PRODUCED  BY  JET  IMPINGEMENT  NEAR  THE  TRAILING  EDGE  OF  A FLAT  AND  A 
CURVED  PLATE 

McKinzie,  D.J.,  Burns,  R.J. 

Washington  Jan  1975  32  p refs 

(NASA-TM-X-3171;  E-8080)  Avail:  NTIS  HC  $3.75 

The  sound  fields  produced  by  the  interaction  of  a subsonic  cold  gas  jet  with  the  trailing 
edge  of  a large  flat  plate  and  a curved  plate  were  analyzed.  The  analyses  were  performed 
to  obtain  a better  understanding  of  the  dominant  noise  source  and  the  mechanism  govern- 
ing the  peak  sound-pressure-1 evel  frequencies  of  the  broadband  spectra.  An  analytical 
expression  incorporating  an  available  theory  and  experimental  data  predicts  sound  field 
data  over  an  arc  of  approximately  105  deg  measured  from  the  upstream  jet  axis  for  the 
two  independent  sets  of  data.  The  dominant  noise  as  detected  on  the  impingement  side 
of  either  plate  results  from  the  jet  impact  (eighth  power  of  the  velocity  dependence) 
rather  than  a trai 1 ing-edge  disturbance  (fifth  or  sixth  power  of  the  velocity  dependence). 
Also,  the  frequency  of  the  peak  SPL  may  be  governed  by  a phenomenon  which  produces 
periodic  formation  and  shedding  of  ring  vortices  from  the  nozzle  lip. 
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N74-33455  Boeing  Commercial  Airplane  Co.,  Seattle,  Wash. 

STATIC  NOISE  TESTS  ON  AUCMENTOR  WINC  JET  STOL  RESEARCH  AIRCRAFT  (C8A  BUFFALO) 
Marrs,  C.C.,  Herkonen,  D.L.,  O'Keefe,  J.V. 


May  1974  102  p refs 
(Contract  NAS2-7641) 

(NASA-CR-1 37520:  D6-41324-1)  Avail:  NTIS  HC  $8.25 


Results  are  presented  for  full  scale  ground  static  acoustic  tests  of  over-area  conical 
nozzles  and  a lobe  nozzle  installed  on  the  Augmentor  Wing  Jet  STOL  Research  Aircraft, 
a modified  C8A  Buffalo.  The  noise  levels  and  spectrums  of  the  test  nozzles  are 
compared  against  those  of  the  standard  conical  nozzle  now  in  use  on  the  aircraft. 
Acoustic  evaluations  at  152  m (500  ft),  304  m (1000  ft),  and  1216  m (4000  ft)  are  made 
at  various  engine  power  settings  with  the  emphasis  on  approach  and  takeoff  power. 
Appendix  A contains  the  test  log  and  propulsion  calculations.  Appendix  B gives  the 
original  test  plan,  which  was  closely  adhered  to  during  the  test.  Appendix  C describes 
the  acoustic  data  recording  and  reduction  systems,  with  calibration  details. 


88  N74-16714  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 

Cleveland,  Ohio. 

RATIONAL  FUNCTION  REPRESENTATION  OF  FLAP  NOISE  SPECTRA  INCLUDING  CORRECTION  FOR 
REFLECTION  EFFECTS 
Miles,  J.H. 

1974  30  p refs  Presented  at  12th  Aerospace  Sci.  Meeting,  Washington  D.C.  30  Jan.  - 

1 Feb  1974;  sponsored  by  AIAA 

(NASA-TM-X-71 502 ; E-7869)  Avail:  NTIS  HC  $3.50 

A rational  function  is  presented  for  the  acoustic  spectra  generated  by  deflection  of 
engine  exhaust  jets  for  under-the_wing-  and  over-the-wing  versions  of  externally  blown 
flaps.  The  functional  representation  is  intended  to  provide  a means  for  compact  storage 
of  data  and  for  data  analysis.  The  expressions  are  based  on  Fourier  transform  functions 
for  the  Strouhal  normalized  pressure  spectral  density,  and  on  a correction  for  reflect- 
ion effects  based  on  the  N-independent-source  model  of  P.  Thomas  extended  by  use  of  a 
reflected  ray  transfer  function.  Curve  fit  comparisons  are  presented  for  blown  flap 
data  taken  from  turbofan  engine  tests  and  from  large  scale  cold-flow  model  tests. 
Application  of  the  rational  function  to  scrubbing  noise  theory  is  also  indicated. 


89  A75-25747 

FLUCTUATING  PRESSURES  ON  AIRCRAFT  WING  AND  FLAP  SURFACES  ASSOCIATED  WITH  POWERED-LIFT 
SYSTEMS . 

Mixson,  J.S.,  Schoenster,  J.A.,  Willis,  C.M. 

(NASA,  Langley  Research  Center,  Hampton,  Va.).  American  Institute  of  Aeronautics  and 
Astronautics,  Aero-Acoustics  Conference,  2nd,  Hampton,  Va.,  Mar.  24-26,  1975,  Paper  75- 
472,  11  p 7 refs. 

The  present  work  presents  results  from  two  research  studies  that  provide  information  on 
the  fluctuating  pressures  generated  by  the  use  of  powered-lift  systems  in  STOL  aircraft. 
Data  are  given  for  several  chordwise  and  spanwise  locations  on  large-scale  models  of  an 
externally  blown  flap  (EBF)  configuration  and  an  upper  surface  blown  flap  (USB)  configu- 
ration in  which  actual  jet  engines  were  used.  Pressure  levels  were  high  enough  to 
indicate  that  special  design  effort  will  be  required  to  avoid  acoustic  fatigue  failures 
of  wing  and  flap  structures.  The  observation  that  pressure  levels  did  not  decrease 
very  much  with  increased  distance  from  the  engine  exhaust  center  line  suggests  that  a 
STOL  aircraft  fuselage,  which  is  in  relatively  close  proximity  to  the  engines  for  aero- 
dynamic reasons,  will  be  subjected  to  unusually  high  external  overall  fluctuating  pressure 
levels  (OAFPLs)  that  may  cause  difficulty  in  control  of  the  cabin  noise  level. 


90  N 7 5— 11951  Technische  Hochschule,  Aachen  (West  Germany) 

NOISE  OF  JETS  WHICH  ARE  IMPINGING  ON  OBSTACLES  (FOR  EXAMPLES  EXTERNALLY  BLOWN  FLAPS) 

AND  POSSIBILITIES  OF  NOISE  ATTENUATION 
Neuwarth,  G. 

In  Tech.  Hochschule  Aachen  Short  Course  on  STOL  Aircraft  Technol.  and  the  Community, 
Vol . 2 1974  16  p refs 

The  acoustic  mechanism  of  the  noise  radiation  caused  by  a subsonic  (or  supersonic)  free 
jet  impinging  on  an  obstacle  was  studied.  The  natural  orderly  structure  of  turbulence 
of  a subsonic  free  jet  at  Mach  numbers  between  0.5  and  1.0  was  examined,  and  the 
reinforcement  of  the  first  harmonic  of  the  axisymmetric  structure  by  the  feedback 
mechanism  established.  The  interaction  noise  was  amplified  by  an  externally  blown  flap 
as  an  obstacle.  The  ring  vortices  reinforced  by  feedback  can  be  destroyed  if  they  are 
cut  off  at  one  point  of  their  periphery  and  the  total  sound  power  level  can  be  reduced 
about  10  db.  Results  show  that  the  natural  orderly  structure  cannot  be  destroyed  but 
only  weakened. 
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91  N73-<.7897  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 

Cleveland,  Ohio. 

NOISE  TESTS  OF  A MODEL  ENG INE-OVER-THE -WING  STOL  CONFIGURATION  USING  A MULT I J FT  NOZZLE 

WITH  DEFLECTOR 

Olsen,  W.A.,  Friedman,  R. 

Washington  Aug.  1973  26  p refs 
(NASA-TM-X-2871 : E-7459)  Avail:  NTIS  HC  $3.00 

Noise  data  were  obtained  with  a small  scale  model  stationary  STOL  configuration  that 
used  an  eight  lobe  mixer  nozzle  with  deflector  mounted  above  a 32-chord  wing  section. 

The  factors  varied  to  determine  their  effect  upon  the  noise  were  wing  flap  angle,  nozzle 
location,  deflector  configuration,  and  jet  velocity.  The  noise  from  the  mixer  model 
was  compared  to  the  noise  from  a model  using  a circular  nozzle  of  the  same  area.  The 
mixer  nozzle  model  was  quieter  at  the  low  to  middle  frequencies,  while  the  circular 
nozzle  was  quieter  at  high  frequencies.  The  perceived  noise  level  (PNL)  was  calculated 
for  an  aircraft  10  times  larger  than  the  model.  The  PNL  at  500  feet  for  the  mixer  nozzle 
turned  out  to  be  within  1 db  of  the  PNL  for  the  circular  nozzle.  For  some  configurations 
a highly  directional  broadband  noise,  which  could  be  eliminated  by  changes  in  nozzle 
and/or  deflector  location,  occurred  below  the  wing. 


92  A75-25748 

ACOUSTIC  CHARACTERISTICS  OF  A LARGE  UPPER-SURFACE  BLOWN  CONFIGURATION  WITH  TURBOFAN 
ENGINES. 

Preisser,  J.S.,  Fratello,  D.J. 

(NASA,  Langley  Research  Center,  Hampton,  Va.).  American  Institute  of  Aeronautics 
and  Astronautics,  Aero-Acoustics  Conference,  2nd,  Hampton,  Va . , Mar.  24-26,  1975, 

Paper  75-473,  9 p 19  refs. 

This  paper  presents  acoustic  results  from  static  and  simulated  low  forward  velocity  tests 
of  a large-scale  model  of  an  aircraft  configuration  with  two  turbofan  engines  in  the 
full-scale  tunnel  at  the  Langley  Research  Center.  The  turbofan  engines  were  integrated 
into  the  model  and  equipped  with  rectangular  nozzles  to  provide  the  upper-surface 
blowing.  Results  indicate  that  the  upper-surface-blowing  noise  problem  can  be  character- 
ized, primarily,  by  the  unsyrametrical  radiation  pattern  due  mainly  to  shielding  of  the 
high-frequency  engine  noise  and  the  production  of  low-frequency  noise  by  jet-surface 
interaction.  The  directivity  of  the  low-frequency  noise  was  found  to  depend  on  the 
trail ing-edge  flap  angle  when  the  thrust  levels  were  low.  Normalized  sound  pressure 
level  spectral  density  data  showed  good  agreement  at  low  Strouhal  number  with  other 
small  and  large-scale  model  data  from  tests  using  simulated  wing-flap  systems.  Forward 
speed  effects  were  undetectable  at  the  low  tunnel  speeds  used  during  the  tests. 


93  A75-27931 

PROPULSIVE-LIFT  NOISE  OF  AN  UPPER  SURFACE  BLOWN  FLAP  CONFIGURATION 
Reddy,  N.N. 

(Lockheed-Georgia  Co.,  Marietta,  Ga.).  American  Institute  of  Aeronautics  and 
Astronautics,  Aero-Acoustics  Conference,  2nd,  Hampton,  Va . , Mar.  24-26,  1975, 

Paper  75-470,  7 p 7 refs. 

The  radiated  sound  and  the  flow  characteristics  of  a scaled  model  of  an  upper  surface 
blown-flap  configuration  are  experimentally  investigated.  The  acoustic  results  consist 
of  the  radiation  pattern  and  spectral  distribution  of  radiated  sound  in  two  planes.  The 
two  planes  considered  are  the  nozzle  exit  plane  and  the  plane  perpendicular  to  the  wing 
surface  passing  through  the  jet  centerline.  The  flow  measurements  include  mean  flow  and 
the  turbulence  intensity  distribution  on  the  wing/flap  (wall  jet)  and  in  the  trailing- 
edge  wake.  These  results  indicate  that  a dominant  noise  is  generated  in  the  vicinity 
of  the  trailing  edge.  Radiated  sound  in  the  direction  perpendicular  to  the  flap 
trailing  edge  correlates  with  the  trail ing-edge  velocity  raised  to  the  power  5,  and  the 
spectra  correlate  with  the  wall-jet  thickness  and  velocity  at  the  trailing  edge. 
Turbulence  close  to  the  surface  is  amplified  as  the  flow  is  convected  past  the  trailing 
edge,  while  more  distant  turbulence  is  not  affected  by  the  surface. 


94  A75-18383 

ACOUSTIC  CHARACTERISTICS  OF  AN  UPPER-SURFACE  BLOWING  CONCEPT  OF  POWER-LIFT  SYSTEM. 

Reddy,  N.N.,  Brown,  W.H. 

(Lockheed-Georgia  Co.,  Marietta,  Ga.).  American  Institute  of  Aeronautics  and 
Astronautics,  Aerospace  Sciences  Meeting,  13th,  Pasadena,  Calif.,  Jan.  20-22,  1975, 

Paper  75-204,  9 p 14  refs. 

The  noise  characteristics  of  a typical  upper-surface-blowing  (USB)  configuration  are 
studied  experimentally  using  a small  scale  model.  The  directivity  and  the  spectral 
distribution  of  the  radiated  noise  measured  in  the  free  field  environment  and  the  mean 
flow  profiles  measured  around  the  wing/flap  indicate  that  the  dominating  noise  generating 
mechanisms  of  USB  are:  free  jet  mixing,  wall-jet  mixing,  secondary  mixing  (trailing  edge 
wake),  and  boundary  layer  turbulence  near  the  flap  trailing  edge.  The  wall-jet  'roll- 
up' at  the  edges  also  may  contribute  to  the  radiated  noise.  The  relative  significance 
of  each  source  to  community  noise  is  discussed. 


95  N75-27855  National  Aeronautics  and  Space  Administration,  Langley  Research  Center, 

Langley  Station,  Va. 

RADIATED  NOISE  FROM  AN  EXTERNALLY  BLOWN  FLAP 
Reddy,  N.N.,  Yu,  J.C.  (George  Washington  Univ.) 

Washington  Jul . 1975  36  p refs 
(NASA-TN-D-7908:  L-9895)  Avail:  NTIS  HC  $3.75 

The  far  field  noise  from  subsonic  jet  impingement  on  a wing-flap  with  a 45  deg  bend 
was  experimentally  investigated.  The  test  parameters  are  jet  Mach  number  and  flap 
length.  For  long  flaps,  the  primary  source  mechanisms  are  found  to  be  turbulent 
mixing  and  flow  impingement.  For  short  flaps,  the  interaction  of  turbulent  flow  with 
the  flap  trailing  edge  appears  to  strongly  influence  the  radiated  noise. 


96  N73-30015  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 

Cleveland,  Ohio. 

ACOUSTIC  INVESTIGATION  OF  THE  ENGINE -OVER-THE -WING  CONCEPT  USING  A D-SHAPED  NOZZLE 
Reshotko,  M.,  Friedman,  R. 

1973  18  p refs  Proposed  for  presentation  at  Aero-Acoustic  Specialists  Conf.,  Seattle, 
Wash.,  15-17  Oct.  1973;  sponsored  by  AIAA. 

(NASA-TM-X-71419)  Avail:  NTIS  HC  $3.00 

Small-model  experiments  were  conducted  of  the  engine-over-the-wing  concept  using  a 
D-shaped  nozzle  in  order  to  determine  the  static-lift  and  acoustic  characteristics  at 
two  wing-flap  positions.  Configurations  were  tested  with  the  flow  attached  and 
unattached  to  the  upper  surface  of  the  flaps.  Attachment  was  obtained  with  a nozzle 
flow  deflector.  In  both  cases,  high  frequency  noise  shielding  by  the  wing  was  obtained. 
Configurations  using  the  D-shaped  nozzle  are  compared  with  corresponding  ones  using 
a circular  nozzle.  With  flow  attached  to  the  flaps,  the  static  lift  and  acoustic 
results  are  almost  the  same  for  both  nozzles.  Without  the  nozzle  flow  deflector, 
(unattached  flap  flow),  the  D-nozzle  is  considerably  noisier  than  a circular  nozzle 
in  the  low  and  middle  frequencies. 


97  N73-24070  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 

Cleveland,  Ohio 

ENGINE-OVER-THE-WING  NOISE  RESEARCH 
Reshotko,  M.,  Goodykoontz,  J.H.,  Dorsch,  R.G. 

1973  23  p refs  Proposed  for  presentation  at  6th  Fluid  and  Plasma  Dyn.  Conf.,  Palm 
Springs,  Calif.,  16-18  Jul.  1973:  sponsored  by  AIAA 
(NASA-TM-X-68246:  E-7429)  Avail:  NTIS  HC  $3.25 

Acoustic  measurements  for  large  model  engine-over-the-wing  (EOW)  research  configurations 
having  both  conventional  and  powered  lift  applications  were  taken  for  flap  positions 
typical  of  takeoff  and  approach  and  at  locations  simulating  flyover  and  sideline.  The 
results  indicate  that  the  noise  is  shieldeo  by  the  wing  and  redirected  above  it,  making 
the  EOW  concept  a prime  contender  for  quiet  aircraft.  The  large-scale  noise  data  are 
in  agreement  with  earlier  small-model  results.  Below  the  wing,  the  EOW  configuration 
is  about  10  PNdb  quieter  than  the  engine-under-the-wing  external ly-blown-f lap  for 
powered  lift,  and  up  to  10  db  quieter  than  the  nozzle  alone  at  high  frequencies  for 
conventional  lift  applications. 


98  N74-17751  Boeing  Commercial  Airplane  Co.,  Seattle,  Wash. 

DESIGN  INTEGRATION  AND  NOISE  STUDIES  FOR  JET  STOL  AIRCRAFT.  TASK  7A:  AUGMENTOR  WING 

CRUISE  BLOWING  VALVELESS  SYSTEM.  VOLUME  1:  SYSTEM  DESIGN  AND  TEST  INTEGRATION 

Roepcke,  F.A.,  Nickson,  T.B. 

Apr.  1973  47  p refs 
(Contract  NAS2-6344) 

(NASA-CR-l 14621 ; D6-40950-Vol-l ) Avail:  NTIS  HC  $5.50 

Exploratory  design  studies  conducted  to  establish  the  configuration  of  an  augmentor  wing 
cruise  blowing  (valveless)  system  in  a 150-passenger  STOL  airplane  were  reported  in 
NASA  CR-1 14570.  Those  studies  have  been  updated  to  incorporate  the  results  of  static 
rig,  flow  duct,  and  wind  tunnel  tests.  Minor  adjustments  in  duct  flow  velocity,  flap 
length,  and  blowing  nozzle  geometry  wore  incorporated  to  provide  airplane  characteristics 
that  minimize  takeoff  gross  weight  and  achieve  sideline  noise  objectives  for  an  advanced 
commercial  STOL  airplane. 
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99  N74-1 7753  Boeing  Commercial  Airplane  Co.,  Seattle,  Wash. 

DESIGN  INTEGRATION  AND  NOISE  STUDIES  FOR  JET  STOL  AIRCRAFT.  TASK  7C:  AUGMENTOR  WING 
CRUISE  BLOWING  VALVELESS  SYSTEM.  VOLUME  2:  SMALL-SCALE  DEVELOPMENT  TESTING  OF 
AUGMENTOR  WING  CRITICAL  DUCTING  COMPONENTS 
Runnels,  J.N.,  Gupfa,  A. 

Nov.  1973  77  p refs 
(Contract  NAS2-6344) 

(NASA-CR- 114623:  D6-40879-Vol-2)  Avail:  NTIS  HC  $7.00 

Augmentor  wing  ducting  system  studies  conducted  on  a valveless  system  configuration 
that  provides  cruise  thrust  from  the  augmentor  nozzles  have  shown  that  most  of  the  duct 
system  pressure  loss  would  occur  in  the  strut-wing  duct  y-junction  and  the  wing  duct- 
augmentor  lobe  nozzles.  These  components  were  selected  for  development  testing  over  a 
range  of  duct  Mach  numbers  and  pressure  ratios  to  provide  a technical  basis  for  pre- 
dicting installed  wing  thrust  loading  and  for  evaluating  design  wing  loading  of  a 
particular  wing  aspect  ratios.  The  flow  characteristics  of  ducting  components  with 
relatively  high  pressure  loss  coefficients  were  investigated.  The  turbulent  pressure 
f lunctuations  associated  with  flows  at  high  Mach  numbers  were  analyzed  to  evaluate 
potential  duct  fatigue  problems. 

100  N74-10042  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 
Cleveland,  Ohio. 

EFFECT  OF  EXHAUST  NOZZLE  CONFIGURATION  ON  AERODYNAMIC  AND  ACOUSTIC  PERFORMANCE  OF  AN 
EXTERNALLY  BLOWN  FLAP  SYSTEM  WITH  A QUIET  6:1  BYPASS  RATIO  ENGINE 
Samanich,  N.E.,  Heidelberg,  L.J.,  Jones,  W.L. 

1973  32  p refs  Presented  at  the  Propulsion  Joint  Specialist  Conf.,  Las  Vegas,  Nev., 
5-7  Nov.  1973;  sponsored  by  AIAA  and  SAE 
(NASA-TM-X-71465)  Avail:  NTIS  HC  $3.75 

A highly  suppressed  TF-34  engine  was  used  to  investigate  engine  and  flap  interaction 
noise  associated  with  an  externally  blown  flap  STOL  powered  lift  system.  Noise, 
efficiency,  and  velocity  decay  characteristics  of  mixed  and  separate  flow  exhaust 
systems  including  convergent,  co-annular,  and  lobed  designs  were  determined  with  the 
engine  operating  alone.  Noise  data  were  then  obtained  for  several  of  the  exhaust 
configurations  with  the  engine  blowing  a wing-flap  segment.  Noise  for  both  the  engine 
alone  and  the  engine  with  blown  flaps  showed  substantial  differences  for  the  various 
exhaust  configurations  tested.  The  differences  in  observed  noise  are  related  primarily 
to  nozzle  effective  exhaust  velocity,  flap  impingement  velocity,  and  noise  spectral 
shape. 


101  N74-17756  Tennessee  Univ.  Space  Inst.  Tullahoma. 

NOISE  CHARACTERISTICS  OF  JET  FLAP  TYPE  EXHAUST  FLOWS 
Schrecker,  G.O.,  Maus,  J.R. 

Washington  NASA  Feb.  1974  135  p refs 

(Grant  NGR-4 3-001  -075) 

(NASA-CR-2 342 ) Avail:  NTIS  HC  $4.75 


- Final  Report 


An  experimental  investigation  of  the  aerodynamic  noise  and  flow  field  characteristics 
of  internal-flow  jet-augmented  flap  configurations  (abbreviated  by  the  term  jet  flap 
throughout  the  study)  is  presented.  The  first  part  is  a parametric  study  of  the  influ- 
ence of  the  Mach  number  (subsonic  range  only),  the  slot  nozzle  aspect  ratio  and  the 
flap  length  on  the  overall  radiated  sound  power  and  the  spectral  composition  of  the  jet 
noise,  as  measured  in  a reverberation  chamber.  In  the  second  part,  mean  and  fluctua- 
ting velocity  profiles,  spectra  of  the  fluctuating  velocity  and  space  correlograms  were 
measured  in  the  flow  field  of  jet  flaps  by  means  of  hot-wire  anemometry.  Using  an 
expression  derived  by  Lilley,  an  attempt  was  made  to  estimate  the  overall  sound  power 
radiated  by  the  free  mixing  region  that  originates  at  the  orifice  of  the  slot  nozzle 
(primary  mixing  region)  relative  to  the  overall  sound  power  generated  by  the  free  mixing 
region  that  originates  at  the  trailing  edge  of  the  flap  (secondary  mixing  region).  It 
is  concluded  that  at  least  as  much  noise  is  generated  in  the  secondary  mixing  region  as 
in  the  primary  mixing  region.  Furthermore,  the  noise  generation  of  the  primary  mixing 
region  appears  to  be  unaffected  by  the  presence  of  a flap. 
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102  N74-10037  National  Aeronautics  and  Space  Administration,  Levis  Research  Center, 

Cleveland,  Ohio. 

NOISE  TESTS  OF  A HIGH-ASPECT-RATIO  SLOT  NOZZLE  WITH  VARIOUS  V-GUTTER  TARGET  THRUST 
REVERSERS 

Stone,  J.R.,  Gutierrez,  O.A. 

1973  22  p ref 8 Presented  at  86th  Meeting  of  the  Acoustical  Soc.  of  Am.  Los 

Angeles,  30  Oct  - 2 Nov.  1973 

(NASA-TM-X- 71470:  E-7771)  Avail:  NTIS  HC  $3.25 

The  results  of  experiments  on  the  noise  generated  by  a 1.33  by  91.4  cm  slot  nozzle  with 
various  V-gutter  reversers,  and  some  thrust  measurements  are  presented.  The  experiments 
were  conuucted  with  near-ambient  temperature  jets  at  nozzle  pressure  ratios  of  1.25  to 
3.0,  yielding  jet  velocities  of  about  190  to  400  m/sec.  At  pressure  ratios  of  2 or  less, 
the  reversers,  in  addition  to  being  noisier  than  the  nozzle  alone,  also  had  a more  uni- 
form directional  distribution  and  more  high-frequency  noise.  At  pressure  ratios  above 
2,  the  nozzle  alone  generated  enough  shock  noise  that  the  levels  were  about  the  same  as 
for  the  reversers.  The  maximum  overall  sound  pressure  level  and  the  effective  overall 
sound  power  level  both  varied  with  the  sixth  power  of  jet  velocity  over  the  range 
tested.  The  data  were  scaled  up  to  a size  suitable  for  reversing  the  wing-flap  slot 
nozzle  flow  of  a 45  400-kg  augmentor-wing-type  airplane  on  the  ground,  yielding  perceived 
noise  levels  well  above  95  PNdB  on  a 152-m  sideline. 


103  N75-10948  National  Aeronautics  and  Space  Administration,  Levis  Research  Center, 

Cleveland,  Ohio. 

NOISE  OF  MODEL  TARGET  TYPE  THRUST  REVERSERS  FOR  ENGINE -OVER -THE -WING  APPLICATIONS 
Stone,  J.R.,  Gutierrez,  O.A. 

1974  24  p refs  Presented  at  the  88th  Meeting  of  the  Acoust.  Soc.  of  Am.,  St  Louis, 

5-8  November  1974 

(NASA-TM-X- 7 1621:  E-8142)  Avail:  NTIS  HC  $3.25 

The  results  of  experiments  on  the  noise  generated  by  V-gutter  and  semicylindrical  target 
reversers  with  circular  and  short-aspect-ratio  slot  nozzles  having  diameters  of  about  5 cm 
are  presented.  The  experiments  were  conducted  with  cold-flow  jets  at  velocities  from 
190-290  m/sec.  The  reversers  at  subsonic  jet  velocities  had  a more  uniform  noise 
distribution  and  higher  frequency  than  the  nozzles  alone.  The  reverser  shape  was  shown 
to  be  more  important  than  the  nozzle  shape  in  determining  the  noise  characteristics. 

The  maximum  sideline  pressure  level  varied  with  the  sixth  power  of  the  jet  velocity,  and 
the  data  were  correlated  for  angles  along  the  sideline.  An  estimate  of  the  noise  level 
along  the  152  m sideline  for  an  engine-over-the-wing  powered-lift  airplane  was  made. 


104  N75-33056  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 

Cleveland,  Ohio. 

INSTALLATION  AND  AIRSPEED  EFFECTS  ON  JET  SHOCK-ASSOCIATLD  NOISE 
Von  Glahn,  U.,  Goodykoontz,  J. 

1975  26  p refs  Presented  at  90th  Meeting  of  the  Acoustical  Society  of  America,  San 
Francisco,  4-7  Nov.  1975 

(NASA-TM-X-71792:  E-8469)  Avail:  NTIS  HC  $3.75 

Experimental  acoustic  data  are  presented  to  illustrate,  at  model  scale,  the  effect  of 
varying  the  nozzle-wing  installation  on  shock-associated  noise,  statically  and  with  air- 
speed. The  variation  in  installations  included  nozzle  only,  nozzle  under-the-wing  (with 
and  without  flaps  deflected),  and  nozzle  over-the-wing  (unattached  flow).  The  nozzles 
used  were  a conical  and  a 6-tube  mixer  nozzle  with  a cold-flow  nozzle  pressure  ratio  of 
2.1.  A 33-cm  diameter  free  jet  was  used  to  simulate  airspeed.  With  the  nozzle  only, 
shock  wave  noz.se  dominated  the  spectra  in  the  forward  quadrant,  while  jet  mixing  noise 
dominated  in  the  rearward  quadrant.  Similar  trends  were  observed  when  a wing  (flaps 
retracted)  was  included.  Shock  noise  was  attenuated  with  an  over-the-wing  configuration 
and  increased  with  an  under-the-wing  configuration  (due  to  reflection  from  the  wing 
surface).  With  increasing  flap  deflection  (under-the-wing  configuration),  the  jet-flap 
interaction  noise  exceeded  the  shock  noise  and  became  dominant  in  both  quadrants.  The 
free  jet  results  showed  that  airspeed  had  no  effect  on  shock  noise.  The  free  jet  noise 
data  were  corrected  for  convective  amplification  to  approximate  flight  and  comparisons 
between  the  various  configurations  are  made. 
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105  N75-33812  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 

Cleveland,  Ohio. 

ACOUSTICS  OK  ATTACHED  AND  PARTIALLY  ATTACHED  FLOW  FOR  SIMPLIFIED  OTW  CONFIGURATIONS  WITH 

5:1  SLOT  NOZZLE 

Von  Glahn,  U.,  Groesbeck,  D. 

1975  21  p refs  Presented  at  19th  Meeting  of  The  Acoustical  Society  of  America,  San 
Francisco,  Calif.,  4-7  Nov.  1975 
(NASA-TM-X-71807:  E-8497)  Avail:  NTIS  HC  $3.25 

The  acoustics  of  simple  engine  over-the-wing  configurations,  with  complete  and  partially 
attached  jet  flow  to  the  shielding  surface  were  studied  with  scale  models.  The  nozzle 
used  consisted  of  a 5:1  slot  nozzle  operated  at  a nominal  jet  Mach  number  of  0.6,  with 
the  flow  directed  parallel  to  and  at  angles  up  to  10  deg  toward  the  shielding  surface. 
The  flow  field  at  the  trailing  edge  of  each  nozzle/surface  configuration  was  mapped,  the 
results  indicate  that,  with  attached  flow,  the  jet  flow  field  is  stretched  in  the  flow 
direction  resulting  in  locally  higher  velocities  than  those  for  partially  attached  flow 
or  nozzle  only  flow.  The  stretching  of  the  flow  field  increases  the  noise  levels  for 
the  attached  flow  cases  compared  to  those  with  only  partially  attached  flow.  With 
attached  flow,  the  shielding  benefits  are  substantially  reduced  compared  with  fully 
detached  flow. 


106  N76-13882  Bolt,  Beranek,  and  Newman,  Inc.,  Canoga  Park,  Calif. 

A STUDY  OF  NOISE  SOURCE  LOCATION  ON  A MODEL  SCALE  AUGMENTOR  WING  USING  CORRELATION 
TECHNIQUES 

Wilby,  J.F.,  Scharton,  T.D. 

10  Nov.  1975  67  p refs 

(Contract  NAS2-8382 

(NASA-CR-137784 : BBN-2955)  Avail:  NTIS  HC  $4.50 

An  experimental  investigation,  conducted  on  a model-scale  augmentor  wing  to  identify 
the  sources  of  far-field  noise,  is  examined.  The  measurement  procedure  followed  in  the 
investigation  involved  the  cross-correlation  of  far  field  sound  pressures  with  fluctuat- 
ing pressures  on  the  surface  of  the  augmentor  flap  and  shroud.  In  addition  pressures  on 
the  surfaces  of  the  augmentor  were  cross-correlated.  The  results  are  interpreted  as 
showing  that  the  surface  pressure  fluctuations  are  mainly  aerodynamic  in  character  and 
are  convected  in  the  downstream  direction  with  a velocity  which  is  dependent  on  the  jet 
exhaust  velocity.  However  the  far  field  sound  levels  in  the  mid  and  high  frequency 
ranges  are  dominated  by  jet  noise.  There  is  an  indication  that  in  the  low  frequency 
range  trailing  edge  noise,  associated  with  interaction  of  the  jet  flow  and  the  flap 
trailing  edge,  plays  a significant  role  in  the  radiated  sound  field. 


5.  Airframe  Noise 

107  N74-19668  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center,  Cleve- 

land, Ohio. 

PRELIMINARY  MEASUREMENT  OF  THE  AIRFRAME  NOISE  FROM  AN  F-106B  DELTA  WING  AIRCRAFT  AT  LOW 
FLYOVER  SPEEDS 
Burley,  R.R. 

Mar.  1974  42  p refs 

(NASA-TM-X-71527:  E-7928)  Avail:  NTIS  HC  $5.25 

To  establish  a realistic  lower  limit  for  the  noise  level  of  advanced  supersonic  trans- 
port aircraft  will  require  knowledge  concerning  the  amount  of  noise  generated  by  the 
airframe  itself  as  it  moves  through  the  air.  The  airframe  noise  level  of  an  F.106B  air- 
craft was  determined  and  was  compared  to  that  predicted  from  an  existing  empirical  re- 
lationship. The  data  were  obtained  from  flyover  and  static  tests  conducted  to  determine 
the  background  noise  level  of  the  F-106B  aircraft.  Preliminary  results  indicate  that 
the  spectrum  associated  with  airframe  noise  was  broadband  and  peaked  at  a frequency  of 
about  570  hertz.  An  existing  empirical  method  successfully  predicted  the  frequency 
where  the  spectrum  peaked.  However,  the  predicted  OASPL  value  of  105  db  was  consider- 
ably greater  than  the  measures  value  of  83  db. 
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108  A75-16805 

SUPPRESSOR  NOZZLE  AND  AIRFRAME  NOISE  MEASUREMENTS  DURING  FLYOVER  OF  A MODIFIED  F106B 
AIRCRAFT  WITH  UNDERWING  NACELLES. 

Burley,  R.R.  (NASA,  Levis  Research  Center,  Cleveland,  Ohio) 

American  Society  of  Mechanical  Engineers,  Winter  Annual  Meeting,  New  York,  N.Y.,  Nov. 

17-22,  1974,  Paper  74-WA/Aero-l . 14  p 21  refs.  Members,  $1.00;  nonmembers,  $3.00. 

The  effect  of  flight  velocity  on  the  jet  noise  and  thrust  of  a 104-tube  suppressor  nozzle 
was  investigated  using  an  F-106B  delta  wing  aircraft  modified  to  carry  two  underwing 
nacelles  each  containing  a turbojet  engine.  The  nozzle  was  mounted  behind  one  of  the 
nacelles.  Flight  velocity  had  a large  adverse  effect  on  thrust  and  a small  adverse 
effect  on  suppression  when  correlated  with  relative  jet  velocity.  The  clean  airframe 
noise  of  the  aircraft  was  measured  at  Mach  0.4  and  was  compared  with  that  predicted  from  an 
empirical  expression.  The  83-dB  measured  value  was  considerably  below  the  predicted  value. 


109  A75-25777 

AN  EXPERIMENTAL  STUDY  OF  AIRFRAME  SELF-NOISE. 

Fethney,  P.  Royal  Aircraft  Eatabl ishment,  Aerodynamics  Dept.,  Famborough,  Hants., 
England. 

American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference,  2nd, 
Hampton,  Va.,  Mar.  24-26,  1975,  Paper  75-511,  12  p,  9 refs. 

Some  results  are  given  of  an  investigation  into  the  level  of  the  airframe  self-noise 
of  four  aircraft,  ranging  from  a slender  delta  to  a long-range  transport.  These  air- 
craft, with  their  engines  at  flight  idle,  flew  over  a ground  array  of  measuring  micro- 
phones arranged  to  cover  the  noise  directly  beneath  the  flight  path  and  on  the  side-line. 
The  flight  programme  included  a range  of  airspeeds  and  aircraft  configurations.  The 
intrinsic  statistical  error  in  the  measurements  was  reduced  by  ensemble  averaging  the 
outputs  of  the  several  microphones  for  a number  of  overflights.  Measurements  of  engine 
noise  for  the  static  aircraft  were  used  to  correct  the  flight  data  for  the  residual 
engine  contribution.  The  experimental  and  analytical  techniques  are  described,  the 
measured  airframe  noise  levels  and  spectra  are  presented  and  the  relative  contributions 
of  some  of  the  airframe  components  identified.  Comparisons  with  empirical  methods  of 
estimation  show  only  moderately  good  agreement  and  do  not  support  the  hypothesis  that 
the  dominant  noise  source  is  a vertically  aligned  dipole. 


110  A75-25778 

A PRELIMINARY  INVESTIGATION  OF  REMOTELY  PILOTED  VEHICLES  FOR  AIRFRAME  NOISE  RESEARCH. 
Fratello,  D.J.,  Shearin,  J.G.  (NASA  Langley  Research  Center,  Hampton,  .Va.) 

American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference,  2nd, 
Hampton,  Va.,  Mar.  24-26,  1975,  Paper  75-512,  7 p 6 refs. 

Aircraft  noise  encountered  in  the  community  is  caused  predominantly  by  the  aircraft 
engines.  However,  expected  advances  in  engine  noise  technology  combined  with  recent 
experimental  evidence  indicate  that  airframe  (nonpropul sive)  noise,  may  be  a significant 
aircraft  noise  component  in  the  future.  Thus,  methods  for  research  into  control  of  this 
type  of  noise  are  being  evaluated  and  a technique  based  on  the  remotely  piloted  vehicle 
(RPV)  concept  appears  to  overcome  some  of  the  difficulties  encountered  with  other  test 
techniques.  In  particular,  this  paper  presents  sample  experimental  data,  gathered  during 
a preliminary  RPV  experiment,  which  illustrate  the  high  signal-to-noise  ratio  attainable 
with  this  technique.  Further,  since  the  data  are  recorded  as  transients  or  nonstationary 
signals,  a method  of  measurement  and  analysis  is  presented  which  increases  statistical 
confidence  in  the  results. 


Ill  A75-25755 

DIAGNOSTIC  CALCULATIONS  OF  AIRFRAME -RADIATED  NOISE. 

Hayden,  R.E.,  Kadman,  Y.,  Bliss,  D.B.,  Africk,  S.A.  (Bolt  Beranek  and  Newman,  Inc., 
Cambridge,  Mass.).  American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics 
Conference,  2nd,  Hampton,  Va.,  Mar.  24-26,  1975,  Paper  75-485,  13  p 22  refs. 
NASA-supported  research. 

Methods  of  calculating  airframe  noise  due  to  the  following  components  are  presented:  wings 
and  stabilizers,  flaps,  landing  gear  'self-noise',  landing  gear  bay  (wheel  well)  oscilla- 
tions, separated  flow  interaction  with  edges  of  cavities,  and  doors  associated  with  gear 
deployment.  The  predominant  source  mechanisms  were  dipole-like  in  nature,  being  related 
to  the  local  fluctuating  aerodynamic  forces  on  struts,  airfoil  edges,  cavity  edges,  etc. 
Available  data  are  converted  into  semiempirical  prediction  methods  to  enable  a tentative 
rank  ordering  of  noise  sources.  A sample  application  of  these  prediction  procedures  is 
carried  out  for  a typical  CTOL  passenger  jet  using  actual  aircraft  parameters,  where 
available. 


112  A75-37538 

THEORY  OF  AIR  FRAME  NOISE. 

Meecham,  H.C.  (California,  University,  Los  Angeles,  Calif.). 

Acoustical  Society  of  America,  Journal,  Vol,  57,  June  1975,  Pt.2,  p 1416-1420,  10  refs. 

Airframe  noise  is  examined  using  Curie's  theory  for  noise  from  rigid  surfaces  interacting 
with  turbulence.  Measured  'airframe  noise'  often  is  open  to  question  because  of  engine 
contribution.  A large  number  of  examples  are  considered:  model  airfoil  in  a jet,  glider 
noise,  jet  wing  in  atmospheric  turbulence,  boundary  layer  noise  on  trailing  wing  edge, 
flap-generated  noise,  landing  gear  noise,  noise  from  jet  impinging  on  flap,  and  some 
others.  Of  all  of  these  estimated  noise  sources  it  appears  that  for  commercial  jets  the 
noises  from  jets  on  flaps  (when  present)  and  from  landing  gear  may  be  the  only  sources 
of  possible  practical  significance. 
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A75-25776 

MEASUREMENTS  AND  ANALYSIS  OF  AIRCRAFT  AIRFRAME  NOISE 

Putnam,  T.W. , Lasagna,  P.L.  (NASA,  Flight  Research  Center,  Edwards,  Calif.) 
White,  K.C.  (NASA,  Ames  Research  Center,  Moffett  Field,  Calif.) 

American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference, 
2nd,  Hampton,  Va.,  Mar  24-26,  1975,  Paper  75-510.  8p.  8 refs. 


Flyover  measurements  of  the  airframe  noise  of  Aero-Conander,  JetStar,  CV-990,  and 
B-747  aircraft  are  presented.  Data  are  shown  for  both  cruise  and  landing  configura- 
tions. Correlations  between  airframe  noise  and  aircraft  parameters  are  developed  and 
presented.  The  landing  approach  airframe  noise  for  the  test  aircraft  was  approximately 
10  EPNdB  below  present  FAA  certification  requiresrents. 


114  A75-25757 

INDUCED  DRAG  EFFECT  ON  AIRFRAME  NOISE 

Revell,  J.D.  (Lockheed-California  Co.,  Burbank,  Calif.) 

American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference, 
2nd  Hampton,  Va.,  Mar.  24-26,  1975,  Paper  75-487.  18  p.  28  refs. 


In  a companion  paper  (75-539)  and  previous  work  in  1974,  the  author  has  predicted  the 
non-engine  aerodynamic  noise  (airframe  noise)  by  expressing  the  acoustic  energy  as 
being  proportional  to  the  mechanical  energy  dissipated  by  each  major  drag  component. 
Empirical  constants  are  derived  from  flyover  noise  test  data.  Wing  profile  drag  noise 
and  wing  induced  drag  noise  are  thus  identified  as  important  components  at  typical 
landing  approach  lift  coefficients  (1.3  to  1.5).  This  paper  shows  how  trailing  vortex 
wake  turbulence  causes  extra  wing  pressure  fluctuations.  The  associated  force  fluctua- 
tions radiate  dipole  noise  whose  strength  is  related  to  the  induced  drag.  The  theory 
gives  explicit  but  approximate  expressions  for  narrowband  SPL.  Numerical  results  are 
shown  for  one-third  octave  band  SPL.  The  levels  compare  well  with  the  empirically 
derived  spectra  in  A1AA  Paper  75-539;  however,  the  present  one-third  octave  spectra 
have  a flatter  shape. 


N75- 30167  Toronto  Univ.  (Ontario).  Inst,  of  Aerospace  Studies. 
JET  AND  AIRFRAME  NOISE 
Ribner,  H.S. 

In  AGARD  Aircraft  Noise  Generation,  Emission  and  Reduction  June 
(AGARD-LS-77) 


Basic  notions  of  acoustics  (wave  equation,  plane  and  spherical  waves,  sources,  dipoles, 
quadrupoles)  are  discussed  along  with  an  account  of  jet  noise  theory,  from  the  dilatation 
(simple  source)  point  of  view,  and  from  the  equivalent  quadrupole  point  of  view.  The 
quadrupole  sources  are  shown  to  dictate  a basic  directional  pattern  (self  noise  and 
shear  noise)  which  is  powerfully  modified  by  convection  and  refraction  effects.  The 
refraction  by  mean  flow  velocity  gradients  is  illustrated  by  laboratory  experiments. 

Jet  noise  suppression  theory  examines  the  role  of  bypass  ratio,  the  mechanisms  of 
multiple  jet  shielding,  and  of  reflective  shielding  by  a surface  or  a gas  layer. 

Airframe  noise,  distinct  from  jet  noise  and  other  engine  noise,  is  traced  to  a number  of 
sources  on  the  aircraft.  Methods  for  estimating  levels,  spectra,  and  directivity  are 
described. 


A75-25775 

AIRFRAME  NOISE  MEASUREMENTS  ON  A TRANSPORT  MODEL  IN  A QUIET  FLOW  FACILITY 
Shearing,  J.G.,  Block,  P.J.  (NASA,  Langley  Research  Center,  Hampton,  Va.). 
American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference, 
Hampton,  Va.,  Mar.  24-26,  1975,  Paper  75-509.  6 p.  8 refs. 


An  experimental  investigation  was  conducted  in  an  anechoic  flow  facility  to  explore 
problems  and  methods  of  measuring  the  airframe  (nonpropul sive)  noise  associated  with  a 
1 /20-scale  ax>del  of  a B-737  transport.  The  test  model  geometry  simulated  the  cruise 
and  a landing  configuration.  Nonpropulsive  model  noise  was  detected  at  various  flow 
velocities  and  at  various  angles  of  attack  when  turbulent  flow  was  induced  over  the 
model.  Discrete  tones,  associated  with  the  extended  undercarriage  and  wheel  cavities, 
and  an  increase  in  broadband  sound  pressure  level  were  observed  with  the  model  in  a 
landing  configuration. 
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6.  Fan  Noise 

117  N73-32975  National  Aeronautics  and  Space  Administration  Ami  Research  Center, 

Moffett  Field,  Calif. 

NOISE  MEASUREMENTS  FROM  A LARGE-SCALE  LIFT  FAN  TRANSPORT  IN  THE  40  BY  80- FOOT 
WIND  TUNNEL 

Atencio,  A.  (Army  Air  Mobility  R and  D Lab) 

Mar.  1973  77p  refs 

(NASA-TM-X-62284)  Avail:  NTIS  HC  $6.00 

Noise  data  measurements  from  a large  scale  lift  fan  transport  model  aircraft  were 
made  in  the  40-  by  80-foot  wind  tunnel.  The  model  had  two  lift  fans  in  deep  inlets 
in  the  forward  fuselage  and  two  lift-cruise  fans  in  pods  on  the  aft  fuselage.  The 
noise  data  measurements  are  presented  as  listings  and  plots  of  sounds  pressure 
level  versus  1/3  octave  center  frequency. 


118  N76-13878  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 

Cleveland,  Ohio 

INLET  NOISE  ON  0.5-METER-DIAMETER  NASA  QF-1  FAN  AS  MEASURED  IN  AN  UNMODIFIED 
COMPRESSOR  AERODYNAMIC  TEST  FACILITY  AND  IN  AN  ANECHOIC  CHAMBER 
Gelder , T.F.,  Soltis,  R.F. 

Washington  Dec  1975  99p  refs 

(NASA-TN-D-8121:  E-8201)  Avail:  NTIS  HC  $5.00 

Narrowband  analysis  revealed  grossly  similar  sound  pressure  level  spectra  in  each 
facility.  Blade  passing  frequency  (BPF)  noise  and  multiple  pure  tone  (MPT)  noise 

were  superimposed  on  a broadband  (BB)  base  noise.  From  one-third  octave  bandwidth  . 

sound  power  analyses  the  BPF  noise  (harmonics  combined),  and  the  MPT  noise  f 

(harmonics  combined, excepting  BPF's)  agreed  between  facilities  within  1.5  db  or  less  f 

over  the  range  of  speeds  and  flows  tested.  Detailed  noise  and  aerodynamic  performance 
is  also  presented. 
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119  N74-25534  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 

Cleveland,  Ohio 

SOUND  RADIATION  FROM  A HIGH  SPEED  AXIAL  FLOW  FAN  DUE  TO  THE  INLET  TURBULENCE 
QUADRUPOLE  INTERACTION 

Goldstein,  M.E.,  Rosenbaum,  B.M. , Albers,  L.U. 

Washington  Jun  1974  49p  refs 

(NASA-TN-D-7667:  E-7741)  Avail:  NTIS  HC  $3.25 

A formula  is  obtained  for  the  total  acoustic  power  spectra  radiated  out  the  front 
of  the  fan  as  a function  of  frequency.  The  formula  involves  the  design  parameters 
of  the  fan  as  well  as  the  statistical  properties  of  the  incident  turbulence. 
Numerical  results  are  calculated  for  values  of  the  parameters  in  the  range  of 
interest  for  quiet  fans  tested  at  the  Lewis  Research  Center.  As  in  the  dipole 
analysis,  when  the  turbulence  correlation  lengths  become  equal  to  the  interblade 
spacing,  the  predicted  spectra  exhibit  peaks  around  the  blade  passing  frequency  and 
its  harmonics.  There  has  recently  been  considerable  conjecture  about  whether  the 
stretching  of  turbulent  eddies  as  they  enter  a stationary  fan  could  result  in  the 
inlet  turbulence  being  the  dominant  source  of  pure  tones  from  nontranslating  fans. 
The  results  of  the  current  analysis  show  that,  unless  the  turbulent  eddies  become 
quite  elongated,  this  noise  source  contributes  predominantly  to  the  broadband 
spectrum. 


120  N74-14379  Connecticut  Univ.,  Storrs. 

THE  SPECTRUM  OF  TURBOMACHINE  ROTOR  NOISE  CAUSED  BY  INLET  GUIDE  VANE  WAKES  AND 
ATMOSPHERIC  TURBULENCE  Ph.D  THESIS 
Hanson,  D.B. 

1973  142p 

Avail:  Univ.  Microfilms  Order  No  73-24404 

A theoretical  methodology  is  developed  to  calculate  the  partially  coherent  acoustic 
radiation  of  propellers,  helicopter  rotors  and  axial  flow  fans  due  to  inflow 
turbulence.  The  methodology  is  applied  to  two  important  cases,  in  the  first  case 
the  rotor  inflow  contain,  non-homogeneous  turbulence  in  the  wakes  of  inlet  guide  vanes 
(ICV  a)  and  in  the  second  case  it  contains  the  turbulence  ingested  from  the 
atmosphere  which  is  highly  anisotropic  at  low  or  zero  forward  flight  speed. 
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121  A74-21565 

UNIFIED  ANALYSIS  OF  FAN  STATOR  NOISE 

Hanson,  D.B.  (United  Aircraft  Corp.,  Hamilton,  Standard  Div.,  Windsor  Locks,  Conn) 
Acoustical  Society  of  America,  Journal  vol  54  Dec  1973,  p 1571-1591 • 27  refs 

Research  supported  by  the  United  Aircraft  Corp. 

A theory  is  developed  which  predicts  the  acoustic  radiation  of  an  axial-flow 
fan  stator  due  to  interaction  with  rotor  viscous  wakes.  Calculations  are  compared 
in  detail  with  experimental  data.  Both  the  harmonic  and  broadband  noise-spectrum 
components  are  calculated  from  a unified  model  using  methodology  from  the  theories 
of  random  pulse  amplitude  modulation,  PAM,  and  pulse  position  modulation,  PPM. 

The  stator  is  modeled  as  a circular  array  of  pulsed  dipoles.  The  amplitude  and 
arrival  time  of  each  pulse  are  random  variables  whose  means  correspond  to  the  values 
calculated  from  harmonic  rotor-stator  interaction  theory.  The  standard  deviations 
of  these  random  variables  are  measures  of  the  turbulence  levels  in  the  blade  wakes. 


122  N75- 30866  Hamilton  Standard,  Windsor  Locks,  Conn. 

STUDY  OF  NOISE  SOURCES  IN  A SUBSONIC  FAN  USING  MEASURED  BLADE  PRESSURES  AND  ACOUSTIC 

THEORY 

Final  Report 

Hanson,  D.B.  Washington  NASA  Aug  1975  138p  refs 

(Contract  NAS1-12505) 

(NASA-CR-2574)  Avail:  NTIS  HC  $5.75 

Sources  of  noise  in  a 1.4  m (4.6  ft)  diameter  subsonic  tip  speed  propulsive  fan 
running  statically  outdoors  are  studied  using  a combination  of  techniques.  Signals 
measured  with  pressure  transducers  on  a rotor  blade  are  plotted  in  a format  showing 
the  space-time  history  of  inlet  distortion.  Study  of  these  plots  visually  and  with 
statistical  correlation  analysis  confirms  that  the  inlet  flow  contains  long,  thin 
eddies  of  turbulence.  Turbulence  generated  in  the  boundary  layer  of  the  shroud 
upstream  of  the  rotor  tips  was  not  found  to  be  an  important  noise  source.  Fan  noise 
is  diagnosed  by  computing  narrowband  spectra  of  rotor  and  stator  sound  power  and 
comparing  these  with  measured  sound  power  spectra.  Rotor  noise  is  computed  from 
spectra  of  the  measured  blade  pressures  and  stator  noise  is  computed  using  the  author's 
stator  noise  theory.  It  is  concluded  that  the  rotor  and  stator  sources  contribute 
about  equally  at  frequencies  in  the  vicinity  of  the  first  three  harmonics  of  blade 
passing  frequency.  At  higher  frequencies,  the  stator  contribution  diminishes 
rapidly  and  the  rotor/inlet  turbulence  mechanism  dominates.  Two  parametric  studies 
are  performed  by  using  the  rotor  noise  calculation  procedure  which  was  correlated 
with  test  in  the  first  study,  the  effects  on  noise  spectrum  and  directivity  are 
calculated  for  changes  in  turbulence  properties,  rotational  Mach  number,  number  of 
blades  and  stagger  angle.  In  the  second  study  the  influences  of  design  tip  speed 
and  blade  number  on  noise  are  evaluated. 

123  A75-27926 

THEORETICAL  AND  EXPERIMENTAL  STUDIES  OF  DISCRETE-TONE  ROTOR-STATOR  INTERACTION  NOISE 
Hornicz,  G.F.,  Ludwig,  G.R* , Lordi,  J.A.  (Calspan  Corp.,  Buffalo,  NY). 

American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference, 

2nd,  Hampton,  Va,  Mar.  24-26  1975,  Paper  75-443.  19p  37  refs 

Contract  No  F33615-73-C-2046 

A theoretical  and  experimental  study  is  conducted  on  the  discrete-tone  noise  caused 
by  interaction  between  rotor  and  stator  blade  rows  of  subsonic  axial-flow  fans  and 
compressors.  A compressible  two-dimensional  analysis  of  the  generated  aerodynamic 
forces  is  matched,  on  a strip-theory  basis,  to  the  three-dimensional  annular  duct 
acoustic  modes.  Expressions  are  derived  for  both  the  mean  square  pressure  at  any 
position  in  the  duct,  and  for  the  total  power  radiated  at  harmonics  of  blade  passage 
frequency  in  terms  of  the  fan/compressor  operating  conditions  and  geometry.  The 
sound  pressure  level  at  the  outer  wall  is  calculated  theoretically,  and  the 
resulting  predictions  are  compared  with  the  acoustic  data  for  two  different  rotor- 
stator  configurations.  The  discrepancy  between  theoretical  and  experimental 
findings  is  discussed  in  detail. 
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124  N74- 20426  National  Research  Council  of  Canada,  Ottawa  (Ontario).  Div.  of 

I Mechanical  Engineering 

NOISE  CHARACTERISTICS  OF  AN  EXPERIMENTAL  LIFTING  FAN  UNDER  CROSSFLOW  CONDITIONS 
Krishnappa,  G. 

In  AGARD  V/STOL  Propulsion  Systems  Jan.  1974  14p  refs  (AGARD-CP-1 35) 

The  results  of  acoustic  tests  conducted  on  a 12-in  diameter  model  lifting  fan,  to  find 
the  effect  of  crossflow  on  its  noise  radiation  characteristics  are  presented.  The 
broadband  noise  levels  increased  with  the  velocity  of  the  crossflow.  The  fundamental 
blade  passing  frequency  and  its  second  harmonic  tones  showed  moderate  changes  in  the 
field  shapes  and  levels  for  low  crossflows.  At  high  crossflow  velocities  due  to 
the  presence  of  a partial  stalled  region  the  tone  levels  increased  drastically.  The 
tones  generated  by  the  rotor  blades  due  to  inflow  distortions  were  believed  to 
dominate  over  the  rotor  and  stator  interaction  levels.  At  fan  speeds  close  to  the 
design  point,  there  were  only  slight  changes  in  the  tone  levels  and  field  shapes 
at  the  blade  passing  frequency  as  the  blade  incidence  excursions  became  less  severe 
and  rotor  and  stator  interaction  was  much  stronger.  However,  at  the  higher  crossflow 
velocities  the  second  harmonic  tones  showed  substantial  reductions  in  tone  levels  with 
different  field  shapes. 
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125  N74-29376  National  Research  Council  of  Canada,  Ottawa  (Ontario).  Div.  of 

Mechanical  Engineering 

ACOUSTIC  TESTS  ON  A FAN-IN-WING  MODEL:  EFFECTS  OF  AN  EXTENDED  INLET 
Krishnappa,  G. 

Feb.  1974  58p  refs 

(NRC-13898:  LR-576)  Avail:  NTIS  HC  $6.00 

The  aerodynamic  noise  generated  by  the  lifting  fan  in  the  fan-in-wing  configuration 
of  vertical  takeoff  aircraft  is  discussed.  The  effect  of  increasing  the  depth 
of  the  inlet  on  the  noise  characteristics  of  the  fan  at  static  and  crossflow 
conditions  is  analyzed.  The  causes  for  aerodynamic  noise  under  crossflow  conditions 
are  explained.  The  changes  in  noise  tonal  signature  under  crossflow  conditions 
were  investigated  in  a wind  tunnel. 
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126  A75-25728 

FAN  AEROACOUSTICS  - THE  EFFECT  OF  STATOR  BLADE  NUMBER  AND  SPACING  ON  IN-DUCT  NOISE 
SIGNATURES 

Krishnappa,  G.  (National  Research  Council,  Engine  Laboratory,  Ottawa,  Canada) 

American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference  ^ 

2nd,  Hampton,  Va.,  Mar  24-26  1975,  Paper  75-444.  12p  9 refs 

Experimental  work  is  reported  aimed  at  determining  the  relative  importance  of  the 
rotor  blade  row  and  the  stator  blade  row  in  generating  blade-passing  frequency  tones 
and  broadband  noise.  Results  suggest  that  the  blade-passing  frequency  tone  and  its 
higher  harmonics  were  generated  by  rotor-stator  interaction  at  low  subsonic  speeds. 

The  rotor-stator  interaction  tone  was  strong  when  there  was  a smaller  number  o? 
stator  blades  than  rotor  blades.  However,  at  higher  subsonic  speeds  when  the  tator 
blade  number  exceeded  the  rotor  blades,  the  tone  at  the  blade-passing  frequency  was 
apparently  generated  by  the  rotor  alone,  while  the  higher  harmonics  showed  the 
presence  of  rotor-stator  interaction  tones.  With  a smaller  number  of  stator  blades 
the  rotor-stator  interactions  produced  the  blade  passing  frequency  tone.  The 
severe  attenuation  of  the  contrarotating  modes  during  their  upstream  propagation 
through  the  rotor  blade  appears  to  be  responsible  for  the  relatively  weak  rotor- 
stator  interaction  tones  at  the  fan  inlet  with  a larger  stator  blade  number. 


127  N73-26014  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 

Cleveland,  Ohio 

EFFECT  OF  ROTOR  DESIGN  TIP  SPEED  ON  NOISE  OF  A 1.21  PRESSURE  RATIO  MODEL  FAN  UNDER 
STATIC  CONDITIONS 

Loeffler,  I.J.,  Lieblein,  S.,  Stockman,  N.O. 

1973  21p 

Proposed  for  presentation  at  1973  Winter  Ann.  Meeting  of  the  ASME,  Detroit, 

11-15  Nov  1973 

(NASA-TM-X-68243:  E-7555)  Avail:  NTIS  HC  $3.25 

Preliminary  results  are  presented  for  a reverbe? ant-field  noise  investigation  of 
three  fan  stages  designed  for  the  same  overall  total  pressure  ratio  of  1.21  at 
different  rotor  tip  speeds  (750,  900  and  1050  ft/sec).  The  stages  were  tested 
statically  in  a 15- inch-diameter  model  lift  fan  installed  in  a wing  pod  located  in 
the  test  section  of  a wind  tunnel.  Although  the  fan  stages  produced  essentially  the 
same  design  pressure  ratio,  marked  differences  were  observed  in  the 
variation  of  fan  noise  with  fan  operating  speed.  At  design  speed,  the  forward- 
radiated  sound  power  level  was  approxisuitely  the  same  for  the  750  ft/sec  and 
900  ft/sec  stages.  For  the  1050  ft/sec  stage,  the  design-speed  forward-radiated 
power  level  was  about  7 db  higher  due  to  the  generation  of  multiple  pure  tone  noise. 
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128  A75-41693 

, DC- 9 FLIGHT  TESTING  OF  THE  REFANNED  JT8D  ENGINE 

Lovder,  E.M.,  Hanve 1 1 , R.C.  (Douglas  Aircraft  Co.,  Long  Beach,  Calif.) 

American  Institute  of  Aeronautics  and  Astronautics,  Aircraft  Systems  and  Technology 
Meeting,  Loa  Angeles,  Calif.,  Aug  4-7,  1975,  Paper  75-998.  9p  7refs 

*.  Two  refanned  JT8D  engines,  each  equipped  with  a larger  single-stage  fan  and  an 

acoustically  treated  nacelle,  were  installed  and  tested  on  a DC-9- 30  airplane. 

The  primary  noise  tests  consisted  of  takeoff  and  approach-related  flyover  runs 
that  were  consistent  with  FAR  test  procedures.  Survey-type  flyovers  were  also 
conducted  to  obtain  data  to  complete  a basic  map  of  flyover  noise  as  a function 
of  engine  power  and  airplane  height.  Other  noise  measurements  were  obtained 
to  evaluate  the  relative  strengths  of  the  various  engine-noise  components. 
Considerable  testing  was  done  to  assess  the  effect  of  the  refanned  engine  and  its 
installation  on  f lightworthiness  and  basic  airplane/engine  performance.  The 
' results  indicate  that  significant  noise  reduction  was  achieved  and  that  flight 

characteristics  and  structural  integrity  were  acceptable 
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It  is  now  widely  recognized  that  in  flight  an  element  of  aero  engine  fan  noise, 
ie  distortion  tones,  reduce  significantly  compared  to  static  conditions.  Since 
these  tones  dominate  on  static  tests  it  is  difficult  to  carry  out  meaningful 
research  and  development  testing  using  ground  facilities.  In  an  effort  to  study 
and  overcome  this  problem  a number  of  possible  solutions  have  been  tried  and  are 
^ described  including  the  effects  of  using  intake  screens,  'conditioning'  the  air 

before  it  i9  drawn  into  the  fan  intake,  and  using  a moving  vehicle.  From  these 
• experiments  the  requirements  for  forward  speed  simulation  are  being  derived. 


A75-25739 

SIMULATION  OF  FLIGHT  EFFECTS  ON  AERO  ENGINE  FAN  NOISE 
Lowrie,  B.W.  (Rolls-Royce  1971  Ltd,  Derby,  England) 

American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference, 
2nd  Hampton,  Va.,  Mar  24-26,  1975,  Paper  75-463.  9p  9 refs 


130  N73-27207  Hamilton  Standard,  Windsor  Locks,  Conn 

NOISE  AND  WAKE  STRUCTURE  MEASUREMENTS  IN  A SUBSONIC  TIP  SPEED  FAN:  TABULATION 
AND  PLOTS  OF  TEST  DATA 

Magliozzi,  B.,  Johnson,  B.V.,  Hanson,  D.B.,  Metzger,  F.B. 

1 23  July  1973  284p 

(Contract  HAS 1-116 70) 

(NASA-CR- 132259)  Avail:  NTIS  HC  $16.25 


Noise  and  wake  structure  measurements  in  a ducted  fan  were  conducted.  The  tip 
speed  was  kept  at  subsonic  levels.  The  anechoic  platform  used  during  the  test 
is  described.  The  following  conditions  are  reported:  (1)  one  third  octave  band 
analyses  of  the  fan  noise  data.  (2)  narrow  band  analyses  of  the  fan  noise  for 
selected  test  conditions.  (3)  narrow  band  sound  power  level  data  for  all  fan 
test  conditions,  and  (4)  velocity  and  air  angle  evaluation  of  blade  wake  data. 


131  A75-25740 

EFFECT  OF  FORWARD  MOTION  ON  FAN  NOISE 

Merriman,  J.E.,  Good,  R.C.  (Douglas  Aircraft  Co.,  Long  Beach,  Calif.) 

American  Institute  of  Aeronautics  and  Astronautics,  Aero- Acoustics  Conference, 
2nd,  Hampton,  Va.,  Mar  24-26,  1975,  Paper  75-464.  lip  19  refs 

A test  program  was  conducted  to  investigate  the  effect  of  forward  motion  on  the 
fan  noise  generated  by  a CF6-6  turbofan  engine  installed  on  a McDonnell  Douglas 
DC-10-10  airplane.  Acoustic  measurements  were  made  with  nine  microphones  mounted 


internally  in  the  inlet  and  the  fan-discharge  ducts,  one  fuselage-mounted 
microphone,  and  an  array  of  ground  microphones.  The  results  of  the  test  program 

indicated  that  the  primary  difference  between  static  and  flight  data  is  the  *. 

reduced  inflight  level  of  the  fan  fundamental  tone  for  fan  rotor  speeds  below 
cutoff.  Under  static  test  conditions,  there  is  sufficient  inlet  flow  turbulence 
to  cause  the  generation  of  a strong  blade-passage-frequency  tone  at  approach 


power  setting.  With  forward  motion  however,  these  noise-generating  mechanisms  are 
minimized,  and  the  level  of  the  fan  tone  is  reduced.  This  result  suggests  that 
the  use  of  static  engine  noise  data  to  design  acoustically  treated  nacelles  may 
result  in  unnecessary  weight  and  performance  penalties  for  the  required  inflight 
noise  reductions. 
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132  N 73- 18011  Hamilton  Standard,  Windsor  Locks,  Conn 

ANALYTICAL  PARAMETRIC  INVESTIGATION  OF  LOW  PRESSURE  RATIO  FAN  NOISE 
Metzger,  F.B.,  Hanson,  D.B.,  Menthe,  R.W.,  Towle,  C.B. 

Washington  NASA  Mar.  1973  118p  refs 

(Contract  NAS1-10896) 

(NASA-CR-2188:  HSER-5990)  Avail:  NTIS  HC  $3.00 

The  results  of  an  analytical  study  are  reported  which  shows  the  effect  of 
various  physical  and  operating  parameters  on  noise  produced  by  low  pressure  ratio 
propulsive  fans  operating  at  subsonic  tip  speeds  Acoustical  duct  lining  effects 
are  included  in  the  study.  The  concepts  used  to  develop  the  noise  theory  used  in 
the  study,  as  well  as  the  correl&fion  between  the  theory  and  model  test  results 
are  also  presented.  It  is  shewn  that  good  correlation  has  been  established 
between  theory  and  experiment  Using  the  theory,  it  is  shown  that  good  aero- 
dynamic design,  maximum  acceptable  fan  solidity,  low  tip  speed  operation  and  use 
of  few  blades  and  van^s  l^ads  to  the  lowest  noise  levels.  Typical  results  of  the 
study  indicate  that  a fan  operating  at  12  fan  pressure  ratio  and  700  ft/second 
tip  speed  with  12  blades  and  7 vanes  and  including  modest  acoustic  treatment  on 
the  duct  wall  would  prod"ce  levels  allowing  a 100,000  lb.  STOL  aircraft  to  meet 
a noise  level  objective  of  95  Pndb  at  500  ft  at  takeoff. 


133  A75-37127 

AXIAL  FLOW  FAN  NOISE  CAUSED  BY  TNLET  FLOW  DISTORTION 
Mugridgc,  B.D.  (Southampton  University.  Southampton,  England) 

Journal  of  Sound  and  Vibration,  vol  AO,  June  22,  1975,  p 497-512.  21  refs 

Research  supported  by  the  Ministry  of  Defence  (Procurement  Executive). 

Flow  distortion  at  the  inlet  of  an  axial  flow  fan  will  cause  discrete  tone  noise  f 

generation  at  shaft  rotational  frequencies.  Controlled  experiments  have  been 

carried  out  to  check  the  validity  of  existing  theories  to  predict  these  tone 

levels.  The  results  have  shown  satisfactory  agreement  at  low  frequencies  for  a 

concentrated  force  representation  of  the  blade  chordwise  load  distribution.  Both 

tone  and  broadband  noise  predictions  have  been  used  to  calculate  the  total  1/3 

octave  spectrur  for  the  type  of  fan  used  in  cooling  flow  applications. 

134  A76-13611 

APPLICATION  OF  SIMILARITY  LAWS  TO  THE  BLADE  PASSAGE  SOUND  OF  CENTRIFUGAL  FANS 
Neise,  W.  „ (Deutsche  Forschungs  und  Versuchsanstalt  fur  Luft  und  Raumfahrt, 

Institut  fur  Yurbulenz-forschung,  Berlin,  West  Germany).  Journal  of  Sound  and  ^ 

Vibration,  vol  43,  Nov  8,  1975,  p 61-75  18  refs 

Research  supported  by  the  Deutsche  Forschungsgemeinschaf t. 

This  paper  is  concerned  with  similarity  laws  governing  the  harmonic  components 
of  the  sound  radiated  from  centrifugal  fans.  Measurements  are  made  with  two 
precisely  similar  fans  having  impellers  of  140-mm  and  280-mm  diameter.  The 
experimental  apparatus  used  is  in  accordance  with  the  in-duct  method  suggested  in 
a recent  proposal  by  the  International  Organization  for  Standardization.  The 
present  experimental  results  verify  Weidemann's  (1971)  formulation  of  similarity 
laws,  which  describes  the  radiated  sound  pressure  as  a product  of  nondimens ional 
terms.  The  experiments  also  prove  that  it  is  possible  to  extrapolate  data  from  a 
model  fan  to  other  geometrically  similar  fans  of  different  size. 


135  A76-16494 

CALCULATION  OF  ThE  TURBULENCE  NOISE  OF  A RADIAL  FAN  (BERECHNUNG  DES 
TURBULENZGE RAUSCHES  VON  RADIALVENTILATOREN) . 

Neuhauser,  H.  (Wien,  l'echnische  Universitat,  Vienna,  Austria). 

Ingenieur-Archiv,  vol  44,  no  5,  1975,  p 301-315  16  refs.  In  German 

A 

An  equation  which  can  easily  be  applied  to  the  calculation  of  the  turbulence  noise 

of  a centrifugal  fan  is  developed.  Besides  data  on  the  turbulence  itself,  the  only  *- 

data  necessary  for  the  calculation  of  the  sound  power  is  the  parameters  ..  ) 

characterizing  the  working  condition  and  the  geometrical  dimensions  of  the  rotor. 

A relation  between  the  turbulence  and  the  fluctuating  lift  of  the  individual  airfoil 
is  developed  and  with  it  the  sound  power  is  determined.  The  results  are  then 
applied  to  the  airfoil  in  the  radial  cascade. 
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136  A75-27927 

THE  ROLE  OF  ROTOR  BIADF.  BLOCKAGE  IN  THE  PROPAGATION  OF  FAN  NOISE  INTERACTION  TONES 
Philpot,  M.G.  (National  Gas  Turbine  Establishment,  Farnborough,  Hants.,  England) 
American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference, 

2nd,  Hampton,  Va.,  Mar  24-26,  1975,  Paper  75-447,  12p  15  refs 

Experimental  studies  indicate  that  forward  propagation  of  the  tone  noise  caused 
by  rotor/OCV  combinations  is  inhibited  by  the  blocking  effect  of  the  rotor  - 
in  some  cases  to  a considerable  extent.  The  physics  of  this  mechanism  and  the 
available  two-dimensional  theoretical  treatments  of  it  are  reviewed.  To  enable 
fans  of  low  hub/tip  ratio  to  be  analyzed,  a method,  based  on  strip-theory 
principles,  of  extending  such  treatments  to  three  dimensions  is  outlined.  This 
is  used  in  conjunction  with  one  of  the  simpler  theories  to  predict  the  blockage 
effects  for  four  different  research  fans.  Generally  good  agreement  with  experiment 
is  obtained  and  it  is  concluded  that  the  approach  forms  a viable  basis  for  predic- 
tion. The  implications  of  the  findings  are  discussed  briefly  in  the  context  of 
turbofan  engine  design. 


137  N75-14764  Rao  and  Associates,  Inc.,  Palo  Alto,  Calif. 

THEORETICAL  STUDIES  ON  TONE  NOISE  FROM  A DUCTED  FAN  ROTOR 
Rao,  C.V.R.,  Chu,  W.T.,  Digumarthi,  R.V.,  Agarwal,  R.K. 

Sep  1974  69p  refs 

(Contract  NAS 2-6401) 

(NASA-CR- 137620)  Avail:  NTIS  HC  $4.25 

The  method  of  computing  radiated  noise  from  a ducted  rotor  due  to  inflow  distortion 
and  turbulence  are  examined.  Analytical  investigations  include  an  appropriate 
description  of  sources,  the  cut-off  conditions  imposed  on  the  modal  propagation  of 
the  pressure  waves  in  the  annular  duct,  and  reflections  at  the  upstream  end  of  the 
duct.  Far  field  sound  pressure  levels  at  blade  passing  frequency  due  to  acoustic 
radiation  from  a small  scale  low  speed  fan  are  computed.  Theoretical  predictions 
are  in  reasonable  agreement  with  experimental  measurements. 

138  N73- 30952  Rao  (G.V.R.)  and  Associates,  Sherman  Oaks,  Calif.  Aerodynamics  and 
Propulsion  Technology 

ANALYTICAL  LIFT  FAN  NOISE  STUDY  - INTERIM  REPORT  13  Apr.  1971-13  June  1972 
Rao,  G.V.R. , Chu,  U.T.,  Digumarthi,  R.V. 

13  July  1973,  78p  refs 

(Contract  NAS2-6401) 

(NASA-CR- 114576)  Avail:  NTIS  HC  $6.00 

Based  on  reasonable  estimates  of  flow  conditions  occurring  in  an  axial  fan, 
acoustic  radiation  from  various  noise  sources  is  evaluated.  Results  of  computations 
on  two  specific  fans  are  presented,  and  relative  significance  of  the  various 
sources  is  examined. 


139  A76-10248 

BLADE-WHEEL  NOISE  CAUSED  BY  RANDOM  INHOMOGENEITIES  OF  AN  INCOMING  FLOW  (SHUM 
LOPATOCHNOGO  KOLESA,  VYZYVAEMYI  SLUCHAINYMI  NE0DN0R0DN0ST I AMI  NABEGAIUSHCHEGO 
POTOKA) 

Rimski-Korsakov,  A.V.  In:  Acousto-aerodynamic  studies,  (A76- 10238  01-02) 

Moscow,  Izdatel'stvo  Nauka,  1975,  p 72-77  7 refs.  In  Russian 

The  noise  spectrum  is  evaluated  which  arises  from  the  interaction  of  the  blades 
in  an  axial-flow  fan  with  random  inhomogeneities  (velocity  fluctuations)  of  the 
incoming  flow.  It  is  shown  that  a series  of  maxima  are  located  in  this  spectrum 
near  the  frequencies  that  are  multiples  of  the  rotation  frequency  of  the  blade 
wheel  and  that  the  bandwidth  of  these  maxima  depends  on  the  rotation  time  and  the 
dimensions  of  the  inhomogeneities  in  comparison  with  the  rotation  period  and 
the  blade  dimensions.  The  maximum  estimate  gives  110  dB  of  sound  pressure  at  a 
distance  of  10  meters  for  a 100-kW  fan  with  20  blades  rotating  at  3000  rpm  and  a 
2%  effective  fluctuation  of  flow  velocity. 
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A75-25741 

MODEL  AND  FULL  SCALE  TEST  RESULTS  RELATING  TO  FAN  NOISE  IN-FLIGHT  EFFECTS 
Rour.dhill,  J.P.,  Schaut,  L.A.  (Boeing  Commercial  Airplane  Co.,  Seattle,  Wash.) 

American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference, 

2nd,  Hampton,  Va.,  Mar  24-26,  1975,  Paper  75-465.  lip  8 refs 

Full  scale  high  bypass  ratio  engine  noise  comparisons  are  shown  that  indicate  fan 
noise  in-flight  is  lower  than  would  be  estimated  from  static  data  extrapolations. 

This  effect  is  most  prevalent  at  subsonic  fan  tip  speeds  and  is  attributed  to  the 
static  test  inflow  turbulence  conditions  aggravating  the  rotor-alone  noise  generation. 
A model  scale  fan  test  was  conducted  in  which  the  fan  inflow  turbulence  was 
minimized  using  a large  screened  inlet  and  the  results  compared  with  conventional 
bellmouth  inlet  measurements.  In  addition,  tests  were  conducted  with  and  without 
exit  guide  vanes  to  determine  the  significance  of  the  rotor  and  stator  sources 
with  controlled  fan  inflow.  Both  f ill  scale  and  model  test  results  indicate  that 
fan  inflow  changes  from  static  to  flight  conditions  significantly  affect  fan  source 
noise  and  extrapolating  normal  uncontrolled  static  data  to  flight  can  be  misleading. 
The  results  also  indicate  that  the  screened  inlet  approach  is  a promising  method  to 
better  simulate  in-flight  fan  noise  in  static  tests. 


N73-21928  General  Electric  Co.,  Cincinnati,  Ohio.  Aircraft  Engine  Group 
EFFECT  OF  CROSSFLOW  VELOCITY  ON  VTOL  LIFT  FAN  BLADE  PASSINC  FREQUENCY  NOISE 
GENERATION 
Stimpert,  D.L. 

Feb  1973,  56p  refs 

(Contract  NAS2-5462) 

(NASA-CR-114566)  Avail:  NTIS  HC  $5.00 

Analysis  of  noise  measurements  taken  during  tests  of  a remote  lift  fan  wing 
installation,  a V/STOL  model  transport  with  both  lift  and  lift/cruise  fans,  and 
XV5B  research  aircraft  flight  tests  has  indicated  a definite  increase  in  pure  tone 
sound  pressure  level  due  to  crossflow  over  the  face  of  the  lift  fans.  The 
fan-in-wing  and  V/STOL  model  transport  tests  were  conducted  in  the  NASA  Ames 
40  ft  by  80  ft  wind  tunnel  and  the  XV5B  flight  tests  at  Moffett  Field.  Increases 
up  to  10  db  were  observed  for  the  lift  fan  installation  tested  at  crossflow  to 
fan  tip  velocity  ratios  up  to  0.25.  Cruise  fan  noise  levels  were  found  to  be 
unaffected  by  the  external  flow.  The  noise  level  increase  was  s* own  to  be 
related  to  an  increase  in  fan  distortion  levels. 

N75-14761  General  Electric  Co.,  Cincinnati,  Ohio 

ACOUSTIC  RESULTS  FROM  TESTS  OF  A 36- INCH  (0.914  m)  DIAMETER  STATORLESS  LIFT  FAN 
Stimpert,  D.L.  Jun.  1973  114p  refs 

(Contract  NAS2-5462) 

(NASA-CR- 137621:  R73AEG360)  Avail:  NTIS  HC  $5.25 

A statorless,  turbotip  lift  fan  was  tested  statically  outdoors  to  determine  its 
acoustic  characteristics.  Spectral  and  directivity  results  are  presented  with 
comparison  to  data  from  the  same  family  of  lift  fan  designs  having  stator  vanes. 
Modifications  to  the  fan  were  tested  to  evaluate  circular  inlet  guide  vanes  and 
exhaust  treatment.  A comparison  was  made  of  results  obtained  at  General  Electric 
Edwards  Flight  Test  Center  and  NASA  Ames  Research  Center  with  regards  to  test  data 
and  differences  in  site  characteristics. 

N75-14765  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 
Cleveland,  Ohio 

ACOUSTIC  AND  AERODYNAMIC  PERFORMANCE  OF  A 1.83  METER  (6  FOOT)  DIAMETER  1.2 
PRESSURE  RATIO  FAN  (QF-6) 

Woodward,  R.P.,  Lucas,  J.G.,  Stakolich,  E.G. 

Washington  Dec  1974  1 1 7p  refs 

(NASA- TN-D- 7809:  E-7996)  Avail-  NTIS  HC  $5.25 

A 1 .2-pres8ure-ratio,  1.83-meter  (6-ft-)  diameter  experimental  fan  stage  with 
characteristics  suitable  for  use  in  STOL  aircraft  engines  was  tested  for  acoustic 
and  aerodynamic  performance.  The  design  incorporated  features  for  low  noise, 
including  absence  of  inlet  guide  vanes,  low  rotor-blade-tip  speed,  low  aerodynamic 
blade  loading,  and  long  axial  spacing  between  the  rotor  and  stator  rows.  The 
stage  was  run  with  four  nozzles  of  different  area.  The  perceived  noise  along  a 
152.4  meter  (500-ft)  sideline  was  rear-quadrant  dominated  with  a maximum  design- 
point  level  of  103.9  PNdb.  The  acoustic  1/3-octave  results  were  analytically 
separated  into  broadband  and  pure- tone  components.  It  was  found  that  the  stage 
noise  levels  generally  increase  with  a decrease  in  nozzle  area,  with  this  increase 
observed  prisiarily  in  the  Lroadband  noise  component.  A stall  condition  was 
documented  acoustically  with  a 90-percent-of-design-area  nozzle. 
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144  N 74- 302 39  General  Electric  Co.,  Cinciroiati,  Ohio.  Aircraft  Engine  Group 

CONCEPTUAL  DESIGN  STUDIES  OP  LIFT/CRUISE  PANS  POR  MILITARY  TRANSPORT  Pinal  Report 
6 Aug.  1974  264  p refs 
(Contract  NAS3-17850) 

(NASA-CR- 1 346  36 ; R74AEG283)  Avail:  NTIS  HC  $16.25 

A study  program  for  conceptual  design  studies  of  remote  lift  and  lift/cruise  fan 
systems  to  meet  the  requirements  of  military  V/STOL  aircraft  was  conducted. 
Parametric  performance  and  design  data  are  presented  for  fans  covering  a range 
of  pressure  ratios,  including  both  single  and  two  stage  fan  concepts.  The  gas 
generator  selected  for  these  fan  systems  vas  the  J101-GE-100  engine.  Noise 
generation  and  transient  response  were  determined  for  selected  fan  systems. 


7.  Noise  Prediction 

145  N75-25883  Lockheed-Georgia  Co.,  Marietta 

A METHOD  FOR  PREDICTING  ACOUSTICALLY  INDUCED  VIBRATION  IN  TRANSPORT  AIRCRAFT, 
APPENDIX  Final  Report 
Bartel,  H.W.,  Schneider,  C.W. 

Sep.  1974  54p  refs 

(Contract  F33615-73-C-3638;  AF  Proj . 1370) 

(AD-A004215;  LG74ER0121-App-1 ; AFFDL-TR- 74-App- 1 ) 

Avail;  NTIS 

A method  is  set  forth  for  predicting  the  acoustically  induced  structural  vibration 
in  transport  category  aircraft.  Charts  are  presented  which  correlate  third-octave 
random  noise  and  vibration  levels  at  various  confidence  levels,  for  the  frequency 
range  of  50  to  2500  Hertz.  The  prediction  charts  are  based  on  measured  data  from 
modern  transport  aircraft  and  are  presented  for  the  normal  direction,  ground 
operation,  and  a reference  structural  mass  and  rigidity.  Shell-type  structure 
(fuselage,  pods,  fairings)  and  box-type  structure  (wing,  horizontal/vertical 
stabilizer)  are  treated  separately.  Means  are  provided  for  predicting  lateral  and 
tangential  vibration,  vibration  in  pressurized  cruise  flight,  and  for  correcting 
for  changes  in  structural  mass  and  rigidity.  Application  of  the  method  to  a 
hypothetical  airplane  design  case  is  illustrated  in  an  example. 


146  N 76- 1206 2 Illinois  Univ.,  Urbana 

PREDICTING  AXIAL  FLOW  FAN  SOUND  PRESSURE  SPECTRUMS  Ph.D  Thesis 
Bates,  K.C. 

1975  282  p 

Avail:  Univ.  Microfilms  Order  No  75-24255 


The  aerodynamic  sound  pressure  produced  by  axial  flow  engine  cooling  fans  is 
examined.  An  analytical  solution  that  described  the  sound  pressure  radiated  at 
distances  less  than  one  fan  radius  from  the  fan  was  developed.  The  solution  consisted 
of  theoretically  derived  periodic  sound  pressure  components  superimposed  upon  an 
empirically  derived  random  sound  pressure  component.  The  solution  was  manipulated 
to  render  complete  time  and  frequency  sound  pressure  spectrums  and  overall  sound 
pressure  levels  (unweighted,  A-veighted  and  B-veighted) . A computer  program,  written 
in  the  computer  language  FORTRAN  4,  was  developed  to  evaluate  the  analytical  solution. 

147  A74-18722 

NOISE  FROM  NONUNIFORM  TURBULENT  FLOWS 

Berman,  C.H.  (Boeing  Commercial  Airplane  Co.,  Seattle,  Wash.,)  American  Institute 
of  Aeronautics  and  Astronautics,  Aerospace  Sciences  Meeting,  12th,  Washington,  D.C., 

Jan.  30-Feb.  1,  1974,  Paper  74-2. 

11  p.  26  refs  Members,  $1.50;  nonmembers,  $2.00 

The  effects  cf  a nonuniform  mean  flow  on  turbulence  noise  generation  and  propagation  are 
treated  analytically.  A special  form  of  an  equation  studied  by  Lilley  is  applied  to  a 

parallel  flow  model  possessing  arbitrary  mean  velocity  and  temperature  profiles.  c. 

Solutions  of  the  resultant  ordinary  differential  equation  show  that  inviscid  attenuation 
of  sound  occurs  at  very  high  frequencies,  while  a boost  in  sound  level  is  present  at 
very  low  frequencies.  A new  interpretation  of  shear  and  self  noise  generation  terms 
is  presented.  The  applicability  of  these  results  to  jet  noise  prediction  is  discussed. 
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148  A75-25738 

MEASURE  1C  NT  AND  PREDICTION  OF  JET  NOISE  IN  FLIGHT 
Bushel l,  K.W.  (Rol ls-Royce/1971/  Ltd,  Derby,  England) 

American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference 
2nd,  Hampton,  Va.,  Mar.  24-26,  1975,  Paper  75-461,  10  p.  12  refs 

The  most  difficult  problem  facing  the  aircraft  noise  engineer  is  the  determination 
of  the  level  of  jet  mixing  noise  in  flight.  Recent  measurements  of  a range  of 
aircraft  are  compared  with  measurements  of  static  engine  noise.  These  comparisons 
show  a reduction  in  noise  close  to  the  jet  axis  as  predicted  by  theory  and  shown 
in  wind  tunnel  investigations,  but  at  90  deg  to  the  engine  axis  no  reduction  is 
observed  in  complete  contrast  to  both  theory  and  wind  tunnel  measurements. 

At  forward  angles,  an  increase  in  absolute  noise  level  is  often  observed. 

The  implications  to  jet  noise  prediction  in  flight  are  discussed. 


149  N73- 32969  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 

Cleveland,  Ohio 

FLAP  NOISE  PREDICTION  METHOD  FOR  A POWERED  LIFT  SYSTEM 
Clark,  B.,  Dorsch,  R.,  Reshotko,  M. 

1973  15  p refs  Presented  at  the  Aero-Acoustic  Specialists  Conf.,  Seattle,  15-17  Oct. 
1973,  sponsored  by  AIAA 

(NASA- TM-X- 71449;  E-7717)  Avail;  NTIS  HC  $3.00 

A method  is  presented  for  estimating  the  noise  generated  by  deflection  of  the  engine 
exhaust  for  under-the-wing  and  over-the-wing  versions  of  an  externally  blown  flap 
configuration  for  powered  lift.  Correlation  equations  and  curves  are  given  for 
the  overall  sound  pressure  level  and  directivity  and  for  spectra  scaled  to  a high 
bypass  25,000-pound  thrust  size  engine.  Data  are  taken  from  TF34  engine  tests  and 
from  large  cold  flow  model  tests.  The  correlations  are  empirical,  and  thus 
application  of  this  prediction  procedure  is  limited  to  geometrically  similar 
configurations.  Application  of  the  method  is  illustrated  by  calculated  sample 
footprints . 


150  N73-31946  Boeing  Coumercial  Airplane  Co.,  Seattle,  Wash. 

AIRCRAFT  NOISE  SOURCE  AND  COMPUTER  PROGRAMS  - USER's  GUIDE 
Crowley,  K.C.,  Jaeger,  M.A.,  Meldrum,  D.F. 

Jul.  1973  112  p refs 
(Contract  NAS2-6969) 

(NASA-CR- 114650;  D6-60234)  Avail  NTIS  HC  $7.75 

** 

The  application  of  computer  programs  for  predicting  the  noise-time  histories  and  noise 
contours  for  five  types  of  aircraft  is  reported.  The  aircraft  considered  are  (;) 
turbojet,  (2)  turbofan,  (3)  turboprop,  (4)  V/STOL  and  (5)  helicopter.  Three  principle 
considerations  incorporated  in  the  design  of  the  noise  prediction  program  are  core 
effectiveness,  limited  input,  and  variable  output  reporting. 


151  N75-30176  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 

Cleveland,  Ohio 

INTERIM  PREDICTION  METHOD  FOR  EXTERNALLY  BLOWN  FLAP  NOISE 
Dorsch,  R.G.,  Clark,  B.J.,  Reshotko,  M. 

1975  51  p refs 

(NASA-TM-X-71768;  E-8423)  Avail;  NTIS  HC  $4.25 

An  interim  procedure  for  predicting  externally  blown  flap  (EBF)  noise  spectra  anywhere 
below  a powered  lift  aircraft  ia  presented.  Both  engine-under- the-wing  and  engine-over- 
the-wing  EBF  systems  are  included.  The  method  uses  data  correlations  for  the  overall 
sound  pressure  level  based  on  nozzle  exit  area  and  exhaust  velocity  along  with  OASPL 
directivity  curves  and  normalized  one-third-actave  spectra.  Aircraft  motion  effects 
are  included  by  taking  into  account  the  relative  motion  of  the  source  with  respect  to 
the  observer  and  the  relative  velocity  effects  on  source  strength. 


152  N73-31945  Boeing  Cosercial  Airplane  Co.,  Seattle,  Wash. 

AIRCRAFT  NOISE  SOURCE  AND  CONTOUR  ESTIMATION 
Dunn,  D.G. , Peart,  N.A. 

Jul.  1973  233p  refs 
(Contract  NAS2-6969) 

(NASA-CR-l 14649;  D6-60233)  Avail;  NTIS  HC  $13.75 

Calculation  procedures  are  presented  for  predicting  the  noise-tine  histories  and 
noise  contours  (footprints)  of  five  basic  types  of  aircraft;  turbojet,  turbofan, 
turboprop,  V/STOL,  and  helicopter.  The  procedures  have  been  computerized  to 
facilitate  prediction  of  the  noise  characteristics  during  takeoffs,  flyovers, 
and/or  landing  operations. 


153  A75-29465 

PREDICTION  OF  AIRFOIL  TONE  FREQUENCIES 
Fink,  M.R. 

Journal  of  Aircraft,  vol.  12,  Feb.  1975,  p.  118-120.  10  refs. 

Recent  experiments  on  the  prediction  of  airfoil  tone  frequencies  are  compared 
with  boundary  layer  theory.  It  is  concluded  that  measured  tone  frequencies  for 
airfoils  radiating  vortex  shedding  noise  (airfoil  wake-generated  noise)  can  be 
predicted  directly  from  that  theory  without  the  use  of  empirical  constants. 

Such  noise  can  be  eliminated  by  tripping  the  laminar  boundary  layer  at  model 
scale  or  by  increasing  the  Reynolds  number  toward  full  scale. 


154  N75-33054  United  Technologies  Research  Center,  East  Hartford,  Conn. 

PREDICTION  OF  EXTERNALLY  BLOWN  FLAP  NOISE  AND  TURBOMACHINERY  STRUT  NOISE 
Fink,  M.R. 

Aug.  1975  142  p refs 
(Contract  NAS3- 17863) 

(NASA-CR-l 34883)  Avail;  NTIS  HC  $5.75 

Methods  were  developed  for  predicting  externally  blown  flap  (EBF)  noise  and 
turbomachinery  strut  noise.  Noise  radiated  by  under- the-wing  and  upper-surf ace- 
blowing EBF  configurations  is  calculated  as  a sum  of  lift  dipole  noise,  trailing 
edge  noise,  and  jet  quadrupole  noise.  Resulting  predictions  of  amplitudes  and 
spectra  generally  were  in  good  agreement  with  data  from  small-scale  models. 

These  data  cover  a range  of  exhaust  velocity,  flap  deflection,  exhaust  nozzle  position, 
exhaust  nozzle  shape,  and  ratio  of  exhaust  nozzle  diameter  to  wing  chord.  A semi- 
empirical  method  for  predicting  dipole  noise  radiation  from  a strut  with  incident 
turbulence  was  in  good  agreement  with  data.  Leading-edge  regions  made  of  perforated 
plate  backed  by  a bulk  acoustic  absorber  achieved  up  to  7 db  reduction  of  strut  noise 
caused  by  incident  turbulence  at  high  frequencies.  Radial  turbulence  in  a turbofan 
exit  duct  was  found  to  have  a relatively  high  level  associated  with  the  mean  velocity 
defect  in  the  rotor  blade  wakes.  Use  of  these  turbulence  spectra  and  a dipole  noise 
radiation  equation  gave  general  prediction  of  measured  aft-radiated  sound  power  caused 
by  a splitter  ring  in  a full-scale  fan  exit  duct. 


155  N75-18182  National  Aeronautics  and  Space  Administration,  Langley  Research 

Center,  Langley  Station,  Va. 

PREDICTION  OF  AIRFRAME  NOISE 

Hardin,  J.G.,  Fratello,  D.J.,  Hayden,  R.E.,  Africk,  S. 

(Bolt,  Beranek,  and  Newman,  Inc.,  Boston)  Washington  Feb.  1975  115  p refs 
(NASA-TN-D-7821;  L-9912)  Avail;  NTIS  HC  $5.25 

Methods  of  predicting  airframe  noise  generated  by  aircraft  in  flight  under 
nonpowered  conditions  are  discussed.  Approaches  to  predictions  relying  on  flyover 
data  and  component  theoretical  analyses  are  developed.  A nondimens ions 1 airframe 
noise  spectrum  of  various  aircraft  is  presented.  The  spectrum  was  obtained  by 
smoothing  all  the  measured  spectra  to  remove  any  peculiarities  due  to  airframe 
protrusions  normalising  each  spectra  by  its  overall  sound  pressure  level  and  a 
characteristics  frequency,  and  averaging  the  spectra  together.  A chart  of  airframe 
noise  sources  is  included. 
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156  N76-14134  ARO  Inc.,  Arnold  Air  Force  Station,  Tenn. 

JET  NOISE:  A SURVEY  AND  A PREDICTION  FOR  SUBSONIC  FLOWS  Final  Report 

Jul.  1973  - Sep.  1974 
Haraha,  P.T. 

AEDC  Aug.  1975  78  p refa 

(ARO  Proj.  RF438;  ARO  Proj . R32P) 

(AD-A01 3794;  ARO-ETF-TR-74-1 15;  AEDC-TR-75-85)  Avail;  NTIS 

The  state-of-the-art  of  the  prediction  of  turbulent  jet  noiae  ia  surveyed.  This 
survey  includes  a description  of  the  available  experimental  data  on  subsonic  and 
supersonic,  cold  and  hot  jets,  and  of  present  theoretical  treatments  of  the 
mechanisms  of  turbulent  jet  noise  production.  A detailed  analysis  of  the  production 
of  subsonic  cold  jet  noise,  based  on  the  acoustic  analogy  formulation,  is 
described,  and  results  of  computations  using  this  analysis  and  a turbulent  kinetic 
energy  analysis  of  the  jet  flow  field  are  presented  and  compared  with  representative 
experimental  data. 


157  A75-25756 

AIRCRAFT  FAR-FIELD  AERODYNAMIC  NOISE  - ITS  MEASUREMENT  AND  PREDICTION 
Heaiy,  G.J. 

(Lockheed-California  Co.,  Burbank,  Calif.). 

American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference,  2nd, 
Hampton,  Va.,  Mar.  24-26,  1975,  Paper  75-486.  9 p 13  refs 

The  material  presented  in  this  paper  is  a synopsis  of  what  is  believed  to  be  the  first 
systematic  investigation  of  far-field  radiated,  aerodynamical ly  generated  noise  from 
'clean'  configured  aircraft  during  low  altitude  unpowered  flight.  Five  aircraft, 
ranging  in  weight  from  5785  to  173,925N  (1300  to  39,000  pounds)  and  having  wing 
aspect  ratios  ranging  from  6.59  to  18.25,  were  tested  at  flight  velocities  ranging 
from  30  to  98.5  m/sec  (58  to  191.5  knots  or  98  to  323  ft/sec).  An  equation  relating 
far-field  aircraft  aerodynamic  noise  to  readily  evaluated  physical  and  operational 
parameters  of  the  vehicle  was  developed  from  the  results  of  these  measurements. 

In  addition,  a slight  modification  to  this  equation  is  herein  proposed  which  permits 
accurate  computation  of  the  recently  published  far-field  aerodynamic  noise  from  the 
Lockheed  Jet  Star  and  the  Convair  F-106B  delta  wing  Mach  2 aircraft. 


158  N75-25948  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 

Cleveland,  Ohio 

INTERIM  PREDICTION  METHOD  FOR  FAN  AND  COMPRESSOR  SOURCE  NOISE 
Heidmann,  M.F.  Jun.  1975  83  p refs 
(NASA-TM-X-71763;  E-8398)  Avail:  NTIS  HC  $4.75 

A method  is  presented  for  interim  use  in  assessing  the  noise  generated  by  fans  and 
compressors  in  turbojet  and  turbofan  engines.  One-third  octave  band  sound  pressure 
levels  consisting  of  broadband,  discrete  tone,  and  combination- tone  noise 
components  are  predicted.  Spectral  distributions  and  directivity  variations  are 
specified.  The  method  is  based  on  that  developed  by  other  investigators  with 
modifications  derived  from  an  analysis  of  full-scale  single-stage  fan  data. 

Comparisons  of  predicted  and  measured  noise  performance  are  presented,  and  requirements 
for  improving  the  method  are  discussed. 


159  N75-12950  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center, 

Cleveland,  Ohio 

INTERIM  PREDICTION  METHOD  FOR  LOW  FREQUENCY  CORE  ENGINE  NOISE 
Huff,  R.G.,  Clark,  B.,  Dorsch,  R.G. 

Nov.  1974  25  p 

(NASA-TM-X-71627;  E-8154)  Avail;  NTIS  HC  $3.25 

A literature  survey  on  lov-frequency  core  engine  noise  is  presented.  Possible  sources 
of  low  frequency  internally  generated  noise  in  core  engines  are  discussed  with  emphasis 
on  combustion  and  components  scrubbing  noise.  An  interim  method  is  recommended  for 
predicting  low  frequency  core  engine  noise  that  is  dominant  when  jet  velocities  are  low. 
Suggestions  are  made  for  future  research  on  low  frequency  core  engines  noise  that  will 
aid  in  improving  the  prediction  method  and  help  define  possible  additional  internal 
noise  sources. 
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160  A75-25730 

NONCOMPACT  SOURCE  EFFECT  ON  THE  PREDICTION  OF  TONE  NOISE  FROM  A FAN  ROTOR 
Kaji,  S.  (NASA,  Ames  Research  Center,  Moffett  Field,  Calif.,  Tokyo  Univ., 

Tokyo,  Japan) 

American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference,  2nd, 
Hampton,  Va.,  Mar.  24-26,  1975,  Paper  75-446.  13  p 12  refs. 

A comparison  is  made  between  the  conventional  compact  source  prediction  for  airfoil 
sound  radiation  and  the  rigorous  prediction  based  on  distribution  sources  along  the 
airfoil  chord.  The  theoretical  analysis  performed  is  for  a single  airfoil  and 
cascaded  airfoils  immersed  in  a sinusoidally  varying  convected  gust  field.  The 
pressure  field  around  a single  airfoil  in  supersonic  gust  flows  is  also  studied. 

In  subsonic  flows  the  phase  change  of  unsteady  lift  along  the  chord  of  a single 
airfoil  reduces  the  sound  radiation  significantly  in  the  upstream  direction  and 
increases  the  downstream  radiation  compared  to  the  compact  source  prediction.  In 
supersonic  flows  the  compact  source  prediction  gives  substantial  error  in  the  region 
j us t behind  the  Mach  wedge  originating  from  the  leading  edge,  while  it  approaches 
the  noncompact  source  results  far  downstream  from  the  airfoil.  In  the  case  of 
cascaded  airfoils  the  compact  source  prediction  over-estimates  the  upstream  radiation 
by  'as  much  as  20  dB  depending  on  frequency  and  interblade  phase. 


161  A74-18723 

JET  NOISE  MODELING  - EXPERIMENTAL  STUDY  AND  MODELS  FOR  THE  NOISE  AND  TURBULENCE 
FIELDS 

Moon,  L.F.,  Zelazny,  S.W.  (Bell  Aerospace  Co.,  Buffalo,  N.Y.) 

American  Institute  of  Aeronautics  and  Astronautics,  Aerospace  Sciences  Meeting,  12th 
Washington,  D.C.,  Jan.  30-Feb.  1974,  Paper  74-3.  11  p 33  refs. 

Members,  $1.50;  nonmembers,  $2.00.  Research  sponsored  by  the  Bell  Aerospace  Co;  i 

Contract  No  F44620-70-C-0116  ^ 

Detailed  turbulence  profiles  were  measured  at  28  axial  locations  extending  from  the  ' 

nozzle  exit  to  twelve  nozzle  diameters  downstream  for  a circular  jet  exhausting  into 
an  ambient  environment.  Measurements  include  mean  velocity,  turbulence  intensity, 
shear  stress  as  well  as  sound  intensity,  spectral  distribution  and  directivity. 

A noise  model  was  developed  which  accurately  predict  sound  amplitude,  spectral 
distribution  and  directivity  pattern  in  terms  of  self  and  shear  noise  components. 

A turbulence  model  was  also  developed  which  accurately  predicted  mean  velocity, 
turbulence  intensity,  and  shear  stress  in  subsonic  and  supersonic  axisymmetric jets 
with  predictions  starting  in  the  potential  core.  Turbulence  and  noise  models  were 
computationally  coupled  and  the  sensitivity  of  noise  predictions  to  inaccuracies  in 

the  predicted  turbulence  field  studied.  It  is  shown  that  errors  of  only  20Z  in  ^ 

predicted  peak  turbulence  intensity  level  in  the  core  region  results  in  up  to  a 5 db 
difference  in  the  predicted  overall  sound  pressure  level. 


162  N73- 30054  United  Aircraft  Corp.,  Stratford  Conn.  Sikorsky  Aircraft  Div, . 

PREDICTION  OF  V/STOL  NOISE  FOR  APPLICATION  TO  COMMUNITY  NOISE  EXPOSURE 
Final  Report  Jun.  - Dec.  1972 
Munch,  C.L. 

May  1973  280  p refs 

(Contract  DOT-TSC-438;  DOT-03- 207) 

(PB-221140/7;  DOT-TSC-OST-73-19)  Avail;  NTIS  HC  $6.75 

A computer  program  to  predict  the  effective  perceived  noise  level  (EPNL)  the  tone 
corrected  perceived  noise  level  (PNLT)  and  the  A-weighted  sound  level  (dBA)  radiated 
by  a V/STOL  vehicle  as  it  flies  along  a prescribed  takeoff,  landing,  or  cruise  flight 
path  ia  described  and  a complete  users  guide  for  the  program  is  presented.  The 
procedures  used  to  predict  the  noise  radiated  by  helicopter  rotors,  propellers,  turboshaft 
engines,  lift  and  cruise  fans,  and  jets  are  described  in  detail.  Helicopter  rotor 
noise  and  jet  noise  are  theoretically  predicted  with  some  e^>irical  modifications  while 
propeller,  fan,  and  turboshaft  engine  noise  is  calculated  with  primarily  eapirical 
procedures . 


163  A75-25723 

TESTS  OF  A THEORETICAL  MODEL  OF  JET  NOISE  V 

Nosseir,  N.S.M.,  Ribner,  H.S.  (Toronto  Univ.,  Downsview,  Ontario,  Canada) 

American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference,  2nd, 

Hampton,  Va.,  Mar.  24-26,  1975,  Paper  75-436.  11  p 35  refs.  Research  sponsored  by 

the  General  Electric  Co.  and  National  Research  Council  of  Canada,  * % 

Grant  No.  AF-AFOSR- 70-1885  \ 

The  present  study  establishes  the  approximate  invariance  with  frequency  of  a certain 
parameter  beta  formed  from  experimental  measurements  of  jet  noise.  The  parameter  beta, 
essentially  a shear  noise/self  noise  spectral  ratio,  is  a construct  of  Ribner’s  theory 
and  this  invariance  is  predicted  by  the  theory.  The  experimental  data  also  confirm  the 
prediction  that  the  shear-  and  self-noise  spectra  match  in  shape,  and  that  they  exhibit 
a relative  shift  of  close  to  one  octave.  The  theoretical  model  as  used  herein  provides 
a simple  closed-form  fraawwork  for  the  prediction  of  jet  noise  excluding  the  refraction 
valley.  The  main  empirical  input  is  the  spectrim  at  90  deg  to  the  jet  axis. 

'< 


164  A75-25773 

NOISE  RADIATION  FROM  TURBULENT  FLOWS  OVER  COMPLIANT  SURFACES 

Pan,  T.S.  (NASA,  Langley  Research  Center,  George  Washington  Univ.  Hampton,  Va.) 
American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference,  2nd, 
Hampton,  Va.,  Mar.  24-26,  1975,  Paper  75-507.  14  p 34  refs. 

Grant  No.  NGR-09-0 10-085 

The  present  study  is  based  on  Lighthil 1-Cur le's  theory  of  aerodynamic  noise.  Using  a 
correlation  approach  and  the  image  concept  of  Powell,  the  volume  contribution  of 
turbulent  flow  over  a large  surface  is  approximated  by  a surface  contribution  of 
pressure  fluctuations.  Far-field  noise  intensities  are  expressed  in  terms  of  the 
surface  pressure  fluctuations  and  surface  impedance.  Based  on  available  experimental 
measurements,  numerical  exao^les  are  performed  for  noise  radiated  from  a turbulent 
boundary  layer  and  from  a normal  jet  impingement  over  rigid  surfaces.  Comparisons 
with  available  noise  measurements  are  made.  For  general  turbulent  flows  over 
compliant  surfaces,  measurements  are  suggested  to  obtain  useful  data  for  noise 
predictions . 


165  N76-13099  National  Aeronautics  and  Space  Administration,  Langley  Research  Center, 

Langley  Station,  Va. 

RESEARCH  NEEDS  IN  AIRCRAFT  NOISE  PREDICTION 
Raney,  J.P. 

Nov.  1975  38  p refs  Presented  at  3d  Interagency  Symp.  on  Univ.  Res  in  Transportation 
Noise 

(NASA-TM-X-72787)  Avail;  NTIS  HC  $4.00 

Progress  needed  in  understanding  the  mechanisms  of  aircraft  noise  generation  and 
propagation  is  outlined  using  the  focus  provided  by  the  need  to  predict  accurately  the 
noise  produced  and  received  at  the  ground  by  an  aircraft  operating  in  the  vicinity  of 
an  airport.  The  components  of  internal  engine  noise  generation,  jet  exhaust,  airframe 
noise  and  shielding  and  configuration  effects,  and  the  roles  of  atmospheric  propagation 
and  ground  noise  attenuation  are  presented  and  related  to  the  prediction  problem. 

The  role  of  NASA  in  providing  the  focus  and  direction  for  needed  advances  is  discussed, 
and  possible  contributions  of  the  academic  community  in  helping  to  fulfill  the  needs 
for  accurate  aircraft  noise  prediction  methods  are  suggested. 


166  A75-18541 

NEW  COMPUTER  SYSTEM  FOR  AIRCRAFT  NOISE  PREDICTION 

Raney,  J.P.,  Zorumski,  W.E.  (NASA,  Langley  Research  Center,  Acoustics  and  Noise 
Reduction  Div.,  Hampton,  Va.). 

In:  Inter-Noise  74;  Proceedings  of  the  International  Conference  on  Noise  Control 
Engineering,  Washington,  D.C.,  September  30-0ctober  2,  1974.  (A75-18530  06-07) 
Poughkeepsie,  N.Y.,  Institute  of  Noise  Control  Engineering,  1974  p.  183-186  10  refs. 

The  purpose  of  the  Aircraft  Noise  Prediction  Office  (ANOPO)  at  Langley  Research  Center 
is  to  provide  a focal  point  for  NASA's  aircraft  noise  prediction  activities  and  an 
appropriate  interface  with  other  agencies  and  industry.  An  interim  prediction  system 
is  now  in  operation,  which  includes  a program  for  source  modeling  leading  to  noise 
prediction  for  a single  event,  two  complementary  multiple  event  prediction  programs, 
which  predict  NEF  contours  on  the  basis  of  interpolation  of  noise,  thrust  and  altitude 
data,  and  the  FAA  data  base  for  the  commercial  fleet.  An  integrated  multimode  aircraft 
noise  prediction  program  has  been  designed,  and  a mechanism  for  continuously  providing 
current  prediction  technology  to  be  incorporated  in  the  program  has  been  implemented. 


167  A75-25801 

METHODS  FOR  THE  PREDICTION  OF  AIRFRAME  AERODYNAMIC  NOISE 

Revell,  J.D.,  Healy,  G.J.,  Gibson,  J.S.  (Lockheed-Georgia  Co.,  Marietta,  Ga.) 
American  Institute  of  Aeronautics  and  Astronautics,  Aero-Acoustics  Conference,  2nd, 
Hampton,  Va,  Mar.  24-26,  1975,  Paper  75-539.  16  p 30  refs 

There  are  three  basic  methodologies  for  the  prediction  of  airframe  (non-engine) 
aerodynamic  noise:  (1)  the  whole  aircraft  method;  (2)  the  aircraft  drag  element  method 
and  (3)  the  individual  component  distributed  source  method.  A brief  review  of  all 
three  methodo logics  is  presented  with  prediction  methods  covering  the  first  two 
categories  detailed.  The  whole  aircraft  method  is  based  entirely  on  measured  airframe 
noise  whereas  the  aircraft  drag  element  method  is  formulated  from  knowledge  of  the 
drag  coefficients  of  the  major  airframe  noise  contributors  with  a number  of  constants 
evaluated  from  measured  airframe  data. 


168  N75-18976  Air  Force  Flight  Dynamics  Lab.,  Wright-Patterson  AFB,  Ohio 

NEAR  FIELD  NOISE  PREDICTION  FOR  A LINEAR  ARRAY  OF  TURBOJET  ENGINES  Final  Report 
Smith,  D.L.,  Paxson,  R.P.,  Talmadge,  R.D.,  Pizak,  G.A. 

Jul.  1974  79  p refs 
(AF  Proj.  1471) 

(AD-A001329;  AFFDL-TM- 74- 1 39-FYA)  Avail;  NTIS 

A computer  program  is  presented  for  calculating  the  sound  pressure  level  (SPL)  in  the 
jet  near  field  which  accounts  for  ground  reflection  and  multiple  engine  operation. 

The  prediction  method  is  a modification  of  the  semi-empirical  technique  presented  in 
AFFDL  TR-67-43  ’Near  Field  Noise  Analysis  of  Aircraft  Propulsion  Systems  with  emphasis 
on  Prediction  Techniques  for  Jets'.  The  modifications  in  addition  to  accounting 
for  ground  reflection  allow  the  prediction  of  the  SPL  for  the  overall  and  three  octave 
bands  at  any  point  in  the  field  and  require  data  inputs  of  jet  exit  temperature, 

Mach  number  and  diameter.  A brief  description  is  presented  of  a noise  measurement 
program  conducted  on  the  XB“70  aircraft  during  which  one-third  octave  band  noise  spectra 
were  obtained  for  a range  of  engine  conditions  and  for  various  combinations  of  linear 
arrays  of  engines. 
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DEVELOPMENTS  IN  JET  NOISE  MODELING  - THEORETICAL  PREDICTIONS  AND  COMPARISONS  WITH 
MEASURED  DATA 

Tester,  B.J.,  (Lockheed-Georgia  Co. .Marietta,  Ga.)  Morley,  C.L. 

(Southampton,  University,  Southampton,  England)  American  Institute  of  Aeronautics 
and  Astronautics,  Aero-Acoustics  Conference,  2nd,  Hampton,  Va.,  Mar.  24-26,  1975, 

Paper  75-477.  14  p 21  refs 

Contract  No.  F33615-73-C-2032 

Spectral  information  on  the  sound  radiated  from  turbulent  shock-free  jets  is  now  available 
over  a wide  range  of  Strouhal  numbers,  for  jet  densities  ranging  from  0.3  to  2 times 
the  ambient  sound  speed.  The  unexpected  nature  of  some  of  the  data  has  led  to  a 
fundamental  re-examination  of  aerodynamic  sound  theory  in  general,  by  Li 1 ley  (1972) 
and  Morfey  (1973),  and  jet-noise  modeling  in  particular.  Two  areas  of  significant 
progress  are  described:  (1)  the  effects  of  nonuniform  density  which  arise  with  hot 
jets,  and  (2)  the  effects  of  high  Mach  number  on  the  radiation  from  'isothermal'  jets 
(density  ratio  - 1).  The  jet-noise  models  presented  are  based  on  solutions  to 
Lilley's  equation. 


170  N75-29103  Engineering  Sciences  Data  Unit,  London  (England) 

ESTIMATION  OF  SUBSONIC  PAR-FIELD  JET-MIXING  NOISE 
Jun.  1973  14  p 

(ESDU-74002)  Copyright.  Avail:  NTIS  HC  $74.50 

A method  is  described  for  estimating  far-field  jet  srixing  noise  emanating  from  gas 
turbine  exhaust  for  fly-over,  and  side-line  noise  level  of  jet  aircraft.  The  method 
is  applicable  to  the  far-field  (distances  greater  than  50  jet  diameters  from  the  exit), 
for  subsonic  jets  with  temperature  ratios  between  1 and  3.2,  and  pressure  ratios 
between  1.1  and  1.9. 


171  N74-22638  Alabama  Univ.,  Huntsville.  Div.  of  Graduate  Programs  and  Research 

INVESTIGATION  OF  THE  JET  NOISE  PREDICTION  THEORY  AND  APPLICATION  UTILIZING  THE  PAO 
FORMULATION  Final  Technical  Report 
Nov.  1973  159  p refs 
(Contract  NAS8- 28588) 

Avail:  NTIS  HC  $11.00 

Application  of  the  Phillips  theory  to  engineering  calculations  of  rocket  and  high  speed 
jet  noise  radiation  is  reported.  Presented  are  a detailed  derivation  of  the  theory,  the 
composition  of  the  numerical  scheitt,  and  discussions  of  the  practical  problems  arising 
in  the  application  of  the  present  noise  prediction  method.  The  present  method  still 
contains  some  empirical  elements,  yet  it  provides  a unified  approach  in  the  prediction 
of  sound  power,  spectrum,  and  directivity. 
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